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FOREWORD 


This  report  was  prepared  by  the  Rockwell  International  Microelec¬ 
tronics  Research  and  Development  Center  under  Contract  No.  F19628-80-C-0130. 
This  work  covers  the  period  October,  1980  to  October,  1982. 

The  Principal  Investigator  for  the  project  was  Raymond  Chin.  The 
principal  support  In  this  work  was  provided  by  K.  L.  Hess.  The  program 
manager  was  P.  0.  Dapkus.  The  program  manager  for  this  project  from  Rome  Air 
Development  Center,  Hanscom  Air  Force  Base  was  E.  R.  Davies. 


1.0  INTRODUCTION  AND  SUMMARY 


1.1  Introduction 

As  the  transmission  loss  of  glass  optical  fibers  has  been  reduced  to 
near  the  theoretical  limits  in  the  1.2-1. 6  um  wavelength  range,  the  interest 
in  injection  lasers  emitting  in  this  spectral  region  has  increased.  Cur¬ 
rently,  state-of-the-art  silica-based  optical  fibers  have  been  produced  with  a 
minimum  loss  of  0.20  dB/km  at  a  wavelength  of  X  =  1.55  um.1-  The  wavelength 
dispersion  at  this  wavelength  is  also  extremely  low  (~  17  ps/nm-km).  The 
injection  lasers  designed  for  use  with  these  low  loss,  low  dispersion  fibers 
have  been  fabricated  in  two  of  the  III-V  quaternary  materials  systems,2-^ 
i.e.,  A1 j_xGaxAsi_ySby  and  Inj_xGaxAsj_yPy.  These  quaternary  semiconductors 
are  also  excellent  candidates  for  the  fabrication  of  other  important  optoelec¬ 
tronic  devices,  in  particular,  high  efficiency  heterojunction  solar  cells  with 
a  multiple  bandgap  structure  and  high  speed  heterojunction  phototransistors 
and  photodiodes. 

To  date,  most  of  these  device  structures  have  been  grown  by  liquid 
phase  'nitaxy  (LPE),  although  some  work  has  been  reported  on  the  growth  of  the 
ternary  compounds  In1_xGaxAs  and  GaxAsi_ySby5"^  by  molecular  beam  epitaxy 
(MBE).  Both  of  these  materials  technologies  have  certain  inherent  disadvan¬ 
tages  for  the  large  scale  cost-effective  commercial  production  of  the  opto¬ 
electronic  devices  mentioned  above. 

The  emphasis  of  this  program  was  the  development  of  another  materials 
technology,  namely  metalorganic  chemical  vapor  deposition  (MOCVD),  for  the 
growth  of  A1 j_xGaxAsj_ySby-InAs  and  A1 j.xGaxAs^_ySby-GaSb  heteroj unction 
alloys  and  devices.  Scientists  at  Rockwell  International's  Microelectronics 
Research  and  Development  Center  (MRDC)  have  shown  that  this  process  is  capable 
of  growing  AlxGaj_xAs-GaAs  double  heterostructure  (DH)  lasers  with  very  low 
threshold  current  densities,  and  have  also  demonstrated  cw  laser  operation  of 
MOCVD  AlxGaj_xAs-GaAs  DH  lasers  with  unique  properties.®-29  In  addition,  high 
performance  heterojunction  phototransi stors  have  been  grown  by  MOCVD.®0 
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Obviously,  the  exention  of  this  technology  to  the  wavelength  region 
of  1.0-1. 6  pm  would  bring  large  scale  processing  and  manufacturing  to  optical 
communication  devices  operating  at  that  wavelength.  The  issue  of  manufactur¬ 
ability  is  a  key  factor  of  the  MOCVD  growth  technique.  The  uniformity  and 
control  of  thickness,  doping,  and  lack  of  melt  residue  that  is  associated  with 
LPE  make  MOCVD  an  attractive  process.  Large  substrate  sizes  (e.g.,  >  2"  O.D.) 
and  high  yield  substantially  reduce  per  unit  processing  costs.  In  addition, 
device  designs,  such  as  quantum-well  heterostructures,  are  readily  fabricated 
using  this  process.  These  benefits  provide  the  driving  force  to  develop  tech¬ 
nology  based  on  MOCVD  for  1.0-1. 6  pm  optoelectronic  devices. 


1.2  Summary 

The  major  results  of  this  program  are  sumnarized  in  this  section. 

The  fact  that  little  was  known  prior  to  the  start  of  this  program  about  the 
growth  of  antimonide-based  compounds  by  MOCVD  made  necessary  substantial  de¬ 
velopment  work.  This  required  that  a  number  of  parameters  of  the  crystal 
growth  process  be  studied  to  obtain  high  quality  epitaxial  film.  These  in¬ 
cluded  growth  temperature,  gas  phase  stoichiometry  of  three  gases,  substrate 
orientation,  effects  of  different  alkyl  groups,  and  the  overpressures  of  the 
group  V  elements.  In  spite  of  the  large  number  of  interacting  parameters,  we 
have  successfully  demonstrated  the  growth  of  high  quality  epitaxial  layers 
upon  both  InAs  and  GaSb  substrates.  Some  of  the  achievements  of  this  program 
are: 


•  The  demonstration  of  GaAsSb/InAs  heterostructures  grown  at  550°C 

•  The  demonstration  of  GaSb/InAs  heterostructures 

•  The  demonstration  of  GaAlSb  with  AlSb  mole  fractions  as  high  as 
0.37 

9  The  demonstration  of  GaAsSb/GaSb  heterostructures 

•  The  demonstration  of  GaSb/GaSb  structures  grown  from  550-625°C 
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Oouble  crystal  x-ray  data  and  optical  microscopy  showed  the  epitaxial  layers 
to  have  narrow  linewidths  and  specular  surfaces,  respectively. 

Both  n-type  and  p-type  film  GaSb  were  demonstrated  in  this  program. 
Au-Schottky  metal  deposited  on  n-type  Se-doped  GaSb  creating  Schottky  diodes 
were  shown  to  exhibit  photoresponse.  This  verifies  that  optical  device  qual¬ 
ity  antimonide-based  materials  can  be  fabricated  using  the  metalorganic 
process. 

Listed  here  in  more  detail  are  the  findings  for  different  epitaxial 
layers  grown  upon  either  GaSb  or  InAs  substrates. 

GaSb  Eptaxial  on  GaSb  Substrates 

•  For  hillock-free  epitaxial  layers,  it  was  necessary  to  grow  upon 
GaSb  substrates  which  were  oriented  5°  off  the  <100>  toward  the 
<U0>. 

•  Tri methyl  gallium  (TMGa)  resulted  in  growth  rates  five  to  ten 
times  greater  than  triethyl  gallium  (TEGa). 

•  Deposition  could  be  performed  from  growth  temperatures  of  550°C 
to  625°C  with  the  resulting  epitaxial  layers  having  good  surface 
morphology. 

•  Pre-gallium  deposition  during  the  substrate  heating  phase  was 
detrimental  to  achieving  epitaxial  film  growth,  while  a  con¬ 
trolled  pre-antimony  deposition  seemed  to  have  no  effect. 

•  Variation  of  the  stoichiometry  of  the  reactant  vapors  over  an 
extremely  wide  range  resulted  in  no  change  in  the  conductivity 
type  of  the  film.  Only  p-type  films  were  obtained. 
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•  Substrate  cleaning  procedure  was  critical  for  specular  epitaxial 
nucleation . 

GaAlSb  Epitaxy  on  GaSb  Substrates 

•  Hillock-free  deposition  required  GaSb  substrates  which  were  5° 
off  the  <100>  toward  the  <110>. 

•  Gaj_xAlxSb  films  with  AlSb  mole  fractions  of  up  to  0.37  have 
been  grown  at  T  =  620°C. 
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•  The  AlSb  mole  fraction  is  limited  to  x  <  0.37  in  films  of 
Gai_xAlxSb,  regardless  of  the  amount  of  trimethylaluminum  (TMA1) 
in  the  reactor  chamber  when  both  TMA1  and  TMGa  are  present. 

•  X-ray  rocking  curves  of  AlSb  show  considerable  line  broadening 
and  intensity  attenuation  when  grown  under  the  same  conditions 
as  Gaj_xAlxSb  (x  <  0.37). 

GaAsSb  or  GaSb  Epitaxy  on  InAs  Substrates 

•  Growth  temperatures  of  550°C  or  less  were  required  to  obtain 
specular  GaAsSb/InAs  wafers. 

•  Arsine  predeposition  starting  at  room  temperature  resulted  in 
the  best  substrate  surfaces. 

•  GaAsSb  could  be  grown  exactly  lattice-matched  to  InAs. 

Although  light  emitters  were  not  fabricated  due  to  time  limitations, 
the  substantial  progress  in  the  crystal  grown  technology  clearly  shows  that 
MOCVD  is  a  suitable  means  to  achieve  such  structures. 
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2.0  TECHNICAL  0ISCUSSI0N 
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2.1  Properties,  Applications  &  Previous  Growth  Studies  in  GaAIAsSb 

The  quaternary  AT i_xGaxAsj_ySby  can  be  thought  of  as  a  solid  solution 
of  the  four  binary  III-V  compound  semiconductors,  AlAs,  GaAs,  GaSb  and  AlSb. 
The  lattice  constant,  aQ,  and  the  energy  gap  between  the  valence  band  and  the 
lowest  conduction  band  minimum.  Eg,  is  a  function  of  the  alloy  composition, 
i.e.,  aQ  =  aQ(x,y)  and  Eg  =  Eg(x,y).  The  dependence  of  aQ(x,y)  and  Eg(x,y) 
upon  alloy  composition  for  A1 ^_xGaxAs^_ySby  is  shown  in  Fig.  1.  These  results 
are  calculated  from  data  obtained  on  the  binary  compounds  (corners  of  Fig.  1) 
and  the  corresponding  ternaries  (edges  of  Fig.  1).  Since  there  are  few  actu¬ 
ally  measured  data  points  for  this  quaternary  system,  the  results  of  these 
calculations  may  be  subject  to  error.  In  fact,  there  are  significant  differ¬ 
ences  between  the  calculated  results  shown  in  Fig.  1  and  published  data. 

An  interesting  feature  of  Fig.  1  is  that  the  lines  of  fixed  lattice 
constant  (dashed  lines)  are  nearly  normal  to  the  lines  of  fixed  bandgap  energy 
(solid  lines).  This  means  that,  for  a  given  lattice  constant  (or  substrate 
material),  the  energy  gap  of  the  lattice-matched  quaternary  A1 1_xGaxAs^_ySby 
can  be  varied  over  a  wide  range,  i.e.,  for  a  given  value  of  aQ(x,y),  there  is 
a  wide  range  of  corresponding  values  of  Eg(x,y).  Thus,  lattice-matched 
heterojunctions  in  the  A1 1_xGaxAs^_ySby  quaternary  system  can  be  grown  quite 
readily. 

It  is  also  apparent  from  Fig.  1  that  there  is  a  significant  alloy 
composition  regime  where  the  lowest  lying  conduction  band  minima  are  indirect 
L  minima  (shaded  portion  of  Fig.  1).  While  this  range  of  i_xGaxAsl-ysby 
alloys  would  thus  not  be  useful  as  the  active  region  of  OH  lasers,  films  with 
these  compositions  could  be  useful  as  confining  layers.  The  range  of  direct 
bandgap  energies  of  A1 1_xGaxAsj_ySby  alloys  varies  from  Eg  ~  0.70  eV  (X  = 

1.77  pm)  to  Eg  ~  2.0  eV  (X  =  0.620  urn). 

Another  interesting  feature  of  the  A1 ^_xGaxAsj_ySby  quaternary  that 
is  shown  in  Fig.  1  is  that  there  are  four  readily  available  III-V  binary 
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semiconductor  substrates  that  are  potentially  useful  for  the  MOCVD  growth  of 
lattice-matched  thin  films,  namely  GaAs  (a0  =  5.654A),  GaSb  (a0  =  6.095A), 

InAs  (aQ  =  6.058A)  and  InP  (a0  =  5.869A).  This  permits  the  growth  of  a  wide 
variety  of  useful  A1 ^_xGaxAsj.ySby  alloys.  In  fact,  alloys  throughout  the 
total  range  of  direct  bandgaps  can  be  grown  lattice-matched  (or  nearly  so)  to 
one  or  more  of  these  substrates.  Specifically,  epitaxial  layers  having  0.7  < 
Eg  <  1.1  eV  can  be  grown  on  GaSb  substrates;  films  with  0.9  <  Eg  <  1.7  eV  can 
be  deposited  on  InP  substrates;  GaAs  can  be  used  as  a  substrate  for  quaternary 
alloys  having  1.4  <  Eg  <  2.0  eV;  and  InAs  can  be  used  as  a  substrate  to  grow 
alloy  films  with  0.74  <  Eg  <  1.33  eV.  It  should  also  be  possible  to  grow  epi¬ 
taxial  ternary  GaAsj_ySby  films  that  can  subsequently  be  used  as  a  "thin  film 
substrate"  to  grow  lattice-matched  quaternary  films  with  other  composition 
ranges.  As  discussed  below,  the  MOCVD  process  can  be  used  to  grow  linearly- 
graded  or  step-graded  ternary  film  structures  to  fulfill  the  role  of  a  sub¬ 
strate.  One  of  the  objectives  of  the  program,  however,  was  to  determine  the 
feasibility  of  low  threshold  lasers  suitable  for  operation  at  1.55  um  or 
1.3  ym  (Appendix  I).  As  a  result,  the  GaSb  or  InAs  substrates  appeared  most 
suitable  for  these  two  ranges.  Also,  InP  could  be  employed  as  a  substrate. 

The  principal  electro-optic  applications  of  A1 ^xGaxAsi_ySby  hetero¬ 
junction  devices  are  for  double  heterostructure  injection  lasers,  heterostruc¬ 
ture  photodetectors,  and  high  efficiency  multiple  bandgap  solar  cells.  Other 
potential  applications  Include  passive  optical  waveguides  and  optical  switches 
and  modulators  for  monolithic  integrated  optical  circuits.  A  brief  descrip¬ 
tion  of  the  previously  obtained  results  will  be  given  below,  as  well  as  a 
description  of  previous  work  on  the  epitaxial  growth  of  A1 1_xGaxAsj_ySby  and 
related  materials. 

Nearly  all  studies  of  the  growth  of  A1 j_xGaxAsj_ySby  and  related 
III-V  ternary  and  binary  semiconductors  have  been  devoted  to  the  growth  of 
thin  films  by  LPE.^,:^  The  devices  fabricated  include  high-speed  Al^_xGaxSb 
photodetectors, ^  high  efficiency  LEDs,^  and  A1 ^_xGaxAsSb/Al ^_xGaxAs^_ySby  DH 
lasers  emitting  at  ~  1.0  ym.  An  Interesting  feature  of  the  LPE  growth  of 


GaxAsi  ySby  is  that  several  authors  have  reported  the  existence  of  a  mis- 
cibility  gap  in  the  composition  range  0.3  <  0.6133  that  may,  in  fact,  extend 
into  the  quaternary  A1 ^_xGaxAsj_ySby.  Other  workers  who  studied  the  LPE 
growth  of  GaxAsj_ySby  report  that  the  solidus  curve  for  this  system  is  a 
rapidly  varying  function  of  temperature,  and  this  apparent  "miscibility  gap" 
is  directly  related  to  the  difficulty  of  growing  from  equilibrium  conditions 
for  this  ternary  system.  It  is  interesting  to  note  that  this  effect  should 
not  occur  for  the  MOCVD  growth  of  GaAs^ySby,  since  the  alloy  composition  is 
not  controlled  by  an  equilibrium  liquid-solid  diagram,  but  is  instead  uniquely 
determined  by  the  relative  partial  pressures  of  AsHj  and  (CHj^Sb  in  the  vapor 
phase.  This  relative  partial  pressure  is  accurately  controlled  by  the  source 
gas  flow  rates.  Thus,  it  is  expected  that  GaAs^_ySby  alloys  can  be  grown  by 
MOCVD  throughout  the  entire  composition  range. 

Another  materials  technology  that  has  been  used  to  grow  thin  films  of 

GaAsj_ySby  is  (MBE).  Although  work  in  this  area  has  been  limited,  the  MBE 

growth  of  GaAsj  Sb  films  throughout  the  alloy  composition  has  been  re- 
c  c  y  y 

ported. 3 No  device  materials  have  yet  been  reported. 

The  halide  vapor  phase  epitaxial  (VPE)  growth  of  GaSb  has  been  re¬ 
ported  employing  Ga,  SbHj  and  HC1  sources.  There  are  no  reports  of  the  prepa¬ 
ration  of  GaAsj_ySby  films  by  this  process.  Furthermore,  it  would  be  diffi¬ 
cult,  if  not  impossible,  to  grow  A1 j_xGaxAsj_ySby  quaternary  films  by  this 
process,  owing  to  the  extreme  reactivity  of  AICI3  and  the  chemistry  of  this 
process.  These  same  problems  have  prevented  (thus  far)  the  preparation  of 
homogeneous  films  of  Alj_xGaxAs  alloys  by  the  halide  VPE  process. 

The  use  of  the  MOCVD  process  for  the  growth  of  GaSb  and  GaAs^.ySby 
was  first  reported  by  Manasevit  in  1969.  While  epitaxial  films  were  obtained 
over  a  limited  range  of  GaAs^ySby  alloy  composition,  the  MOCVD  process  should 
offer  many  unique  advantages  for  the  growth  of  A1 1_xGaxAs^_ySby  thin  films. 
These  advantages  of  the  MOCVD  process  are  described  more  fully  in  later 
sections. 


2.2  Metalorganic  Chemical  Vapor  Deposition 


The  potential  of  the  A1  j_xGaxAsj_ySby  alloy  system  for  optoelectronic 
and  high  speed  device  applications,  as  well  as  the  problems  inherent  in  the 
growth  of  this  alloy  by  other  epitaxial  techniques,  motivates  Rockwell’s  pro¬ 
posed  program.  We  propose  to  utilize  the  MOCVD  techniques  for  the  growth  of 
these  alloys.  It  is  strongly  felt  that  the  features  of  this  growth  technique 
are  ideally  suited  to  the  quaternary  alloy  A1 ^_xGaxAs^_ySby,  and  its  develop¬ 
ment  will  hasten  the  development  of  this  materials  technology. 

2.3.  MOCVD  Process  Description 

The  MOCVD  process  that  was  first  demonstrated  in  our  laboratories  by 
Manasevit  differs  from  other  epitaxial  growth  processes  for  III-V  compounds, 
in  that  the  Column  III  metals  (A1 ,  Ga)  are  transported  in  a  gaseous  form  to 
the  reactor  from  metalorganic  compounds  such  as  TMA1  and  TMGa.  These  metal¬ 
organic  compounds  are  volatile  liquids  which  are  introduced  into  the  reactor 
by  bubbling  a  carrier  gas  such  as  ultra-pure  hydrogen  through  them.  In  this 
manner,  several  problems  associated  with  growth  from  a  solution  (LPE)  can  be 
avoided.  In  addition,  problems  associated  with  establishing  high  temperature 
chemical  equilibrium  to  transport  the  elements,  as  required  in  the  halide 
transport  VPE  processes,  can  also  be  avoided.  The  Column  V  elements  in  the 
MOCVD  process  are  transported  as  gaseous  hydrides  such  as  AsH^  and  PH-j.  In 
simplified  form,  the  reaction  may  be  expressed  in  the  following  way  for  GaAs 
growth : 

H2 

(CH-)-Ga  +  AsH-  - ^ - *■  GaAs  +  3CH.+  .  (1) 

*  J  700°  C  * 

The  vapors  of  the  metalorganic  compounds  are  mixed  with  the  hydride  and  pyrol- 
ized  at  a  heated  substrate.  In  principal,  by  the  use  of  appropriate  metal¬ 
organic  compounds  and  hydrides  in  the  proper  partial  pressure  ratio,  any  of 
the  III-V  compounds  and  alloys  can  be  grown  by  this  process.  In  fact,  as  will 
be  discussed  later,  virtually  all  of  the  III-V  compounds  and  most  of  these 
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ternary  alloys  have  been  grown  by  MOCVD.  The  extension  of  the  process  to  the 
quaternary  A1 ^_xGaxAs^_ySby  should  be  possible  and  proceed  in  a  similar 


manner: 


(ch3)3A1  +  (CH3)3Ga  +  AsH3  +  (CH3)3Sb 


700°C 


Wl-/'ax*5l-ySby  +  CV 


There  are  several  distinct  advantages  of  the  general  MOCVD  process. 
Because  the  reactants  are  all  gaseous,  it  is  possible  to  form  homogeneous  gas 
mixtures  and  attain  uniform  composition  films.  Furthermore,  the  composition 
is  controlled  by  the  partial  pressures  of  the  various  constituents.  In  turn, 
these  can  be  precisely  controlled  with  electronic  mass  flow  controllers  to 
control  gas  flow  rates.  There  is  no  need  to  maintain  a  temperature  gradient 
for  the  transport  of  any  species  and  only  the  substrate  need  be  heated.  In 
addition,  the  kinetic  properties  of  the  reaction  are  not  strongly  dependent  on 
temperature,  owing  to  the  pyrolytic  nature  of  the  reaction. 

Shown  in  Fig.  2  is  a  schematic  diagram  of  a  MOCVD  growth  system.  In 
Appendix  II  is  a  photograph  of  the  MOCVD  reactor  used  for  the  growth  of 
GaAlAsSb.  The  major  difference  between  the  GaAlAsSb  system  and  previous 
GaAlAs  systems  is  the  addition  of  a  source  of  tri methyl  antimony  (TMSb).  The 
system  consists  of  three  subsystems.  First  is  the  stainless  steel  gas  mixing 
system  made  up  of  valves  and  tubing  to  control  the  direction,  and  mass  flow 
controllers  to  control  the  rate  of  gas  flow.  Second  is  the  source  system 
consisting  of  stainless  steel  bubbler  cylinders  in  appropriate  temperature 
controlled  baths  for  the  introduction  of  the  metal  organic  compounds  into  the 
gas  system  and  high  pressure  gas  cylinders  for  the  introduction  of  the 
hydrides  and  dopants.  Finally,  the  reactor  growth  chamber  itself  consists  of 
a  quartz  envelope  and  an  inductively  heated  susceptor  for  the  growth  reactions 
which  result  in  epitaxial  crystal  growth. 


10 


CONTROLLERS 


Simplified  reactor  schematic  diagram. 


2 


Advantage  of  the  MOCVD  Process 


There  are  several  important  advantages  which  are  inherent  in  the 
MOCVD  process  as  developed  by  Rockwell  for  the  growth  of  semiconductors. 

Process  Control  -  Only  a  single  hot  temperature  zone  is  needed  for 
film  growth  in  the  MOCVD  process.  In  other  processes,  many  of  the  source 
materials  and  the  reaction  zone  are  dependent  upon  very  precisely  controlled 
hot  temperature  zones  regulating  the  vapor  pressures  of  the  reaction  compon¬ 
ents  and  also  the  cooling  rates  during  film  growth.  With  MOCVD,  the  tempera¬ 
ture  of  the  growth  process  is  provided  by  rf  heating  of  a  single  susceptor  on 
which  the  substrate  is  placed,  and  the  walls  of  the  reactor  are  essentially 
cool,  except  for  the  section  which  is  very  close  to  the  susceptor  and  heated 
by  radiation.  Even  that  section  is  low  in  temperature  because  the  growth 
process  takes  place  at  temperatures  as  low  as  500-750°C. 

The  MOCVD  growth  process  involves  reactants  which  are  either  liquid 
or  gaseous  at  room  temperature.  These  reactants  are  external  and  upstream  of 
the  reactor  and  are  transported  by  carrier  gases  to  the  reactor.  The  composi 
tion  of  the  gases  is  easily  controlled  by  electronic  mass  flow  control  of  the 
species  which  are  gaseous  at  room  temperature  and  the  flow  of  the  carrier 
gases  through  the  liquid  species. 

Multilayer  Structures  Can  Be  Easily  Achieved  -  The  changes  from  one 
materials  combination  to  another  requires  merely  the  change  of  the  composi¬ 
tions  of  the  gas  mixture.  This  is  easily  accomplished  with  MOCVD  by  exchang¬ 
ing  one  equilibrated  gas  mixture  with  another  equilibrated  mixture  of  differ¬ 
ent  composition.  The  exchange  is  accomplished  in  a  unique  gas  mixing  system 
developed  by  Rockwell.  Structures  with  up  to  300  layers  have  been  grown  in 
one  run  in  the  GaAlAs/GaAs  system  by  MOCVD. 

The  MOCVD  Process  is  Scalable  to  High  Volume  -  Large  area,  uniform 
surface  coverage  in  a  single  growth  sequence  can  be  achieved  in  the  same  type 
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of  commercial  equipment  that  is  used  for  the  growth  of  elemental  semiconduc¬ 
tors,  e.g.,  silicon.  Thus,  material  costs  will  be  reduced  considerably  com 
pared  with  other  fabrication  techniques.  In  addition,  when  desirable,  high 
growth  rates  compatible  with  product  environments  are  achievable. 

2.5  Specific  Advantages  of  MOCVD  for  the  Growth  of  A1 1_xGaxAs1_ySby 

There  are  a  number  of  aspects  of  MOCVD  epitaxial  growth  that  are  of 
particular  Interest  for  the  preparation  of  quaternary  AI^Ga^s^Sby  epi¬ 
taxial  layers.  By  far,  the  single  most  important  advantage  of  the  MOCVD  pro¬ 
cess  Is  In  the  potential  for  accurate  composition  control  and  reproducibility. 
Alj_xGaxAsi_ySby  covers  a  wide  range  of  lattice  constants  (for  direct  alloys) 
from  5.790A-6.095A.  This  allows  for  a  possible  lattice  mismatch,  Aa/aQ,  of 
greater  than  780  *  10"^  when  using  GaAs  as  a  substrate.  The  maximum  mismatch 
in  the  AlAs/GaAs  system,  by  comparison,  is  14  x  10“^,  indicating  that  compo¬ 
sitional  error  can  be  up  to  56  times  greater  in  the  A1 1_xGaxAs1_ySby  system. 
Because  of  this  relatively  large  lattice  mismatch,  it  is  essential  that  the 
alloy  composition  of  the  A1 ^_xGaxAsj_ySb  epitaxial  films  be  precisely  control¬ 
led  to  prevent  large  amounts  of  strain-induced  dislocations  from  being  intro¬ 
duced  Into  device  structures.  This  degree  of  control  can  be  difficult  to 
achieve  In  the  LPE  materials  technology.  The  MOCVD  materials  technology  is 
well -suited  to  quaternary  thin  film  growth,  since  a  high  degree  of  alloy  com¬ 
position  control  can  be  achieved  by  the  precise  control  of  source  carrier  gas 
flow  rates.  In  addition,  the  MOCVD  process  readily  permits  the  growth  of 
graded  bandgap  structures  having  both  linearly-graded  and  step-graded  struc¬ 
tures.  This  could  be  of  great  importance  in  the  lattice-matched  growth  of 
III-V  quaternaries  that  do  not  have  the  same  lattice  constant  as  readily 
available  binary  substrates. 

A  second  advantage  of  the  MOCVD  process  is  the  elimination  of  pos¬ 
sible  external  contamination.  For  each  epitaxial  growth  run  of  LPE 
A1  i_xGaxAsi_ySby,  all  solution  constituents  must  be  handled  for  cleaning, 
etching  and  weighing.  By  contrast,  the  source  materials  for  MOCVD 


Alj_,  m  Asj_ySby  are  maintained  without  interruption  in  a  clean,  contamina¬ 
tion-!  ree  environment  which  is  an  integral  part  of  the  reactor  design. 


A  third  distinct  advantage  of  the  MOCVD  process  for  A1 ^_xGaxAs^_ySby 
is  that  it  is  a  simple  matter  to  provide  an  As  or  Sb  overpressure  for  the  GaAs 
or  GaSb  substrate  during  the  time  (which  is  short  relative  to  LPE  processes) 
in  which  the  substrate  is  allowed  to  remain  at  elevated  temperatures  near  the 
growth  temperature.  This  should  effectively  eliminate  substrate  surface  de¬ 
composition  and  the  need  for  any  in-situ  substrate  preparation. 

The  MOCVD  process  should  routinely  allow  accurate  control  and  uni¬ 
formity  for  the  growth  of  the  thin  (t  <  0.2  urn)  epitaxial  layers  necessary  for 
double  heterostructure  lasers.  Such  control  is  difficult  to  accomplish  with 
LPE  A1  j_xGaxAs^_ySby  epitaxial  growth  techniques. 

The  major  disadvantage  of  MOCVD  is  the  purity  of  the  starting  metal- 
organics.  While  this  usually  presents  no  problem  for  lasers  and  LEDs,  it  can 
drastically  effect  the  performance  of  photodetector  devices. 
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3.0  TECHNICAL  APPROACH  AND  GOALS 


3.1  Development  of  a  MOCVD  Process  for  the  Growth  of  A1 1_vGavAs1_ySby 

Films  Lattice-Matched  to  GaSb  and  InAs  Substrates 

The  chemical  vapor  deposition  process  used  in  this  program  employed 
the  metalorganic  compounds  TMGa,  TMA1 ,  and  TMSb  [or  tri ethyl  antimony  (TESb)] 
and  the  hydride  arsine  (ASH3).  This  MOCVD  process  has  already  been  utilized 
for  the  binary  and  several  ternary  constituents  of  the  GaAlAsSb  system,  and 
was  explored  for  the  growth  of  A1 ^_xGaxASi_ySby  quaternary  films  throughout 
the  alloy  composition  ranges  that  are  lattice-matched  to  GaSb  and  InAs  sub¬ 
strates.  The  emphasis  was  placed  on  the  use  of  GaSb  and  InAs  substrates, 
since  these  are  available  internally  at  Rockwell,  and  A1 1_xGaxAs1_ySby  alloys 
with  the  desired  range  of  bandgap  energies  can  be  grown  lattice-matched  to 
these  substrates.  The  major  heterostructure  of  interest  is  the 
Alj_xGaxAsj_ySby/InAs  structure. 

The  principal  dopant  used  for  the  growth  of  n-type  films  was  H^Se. 
This  dopant  source  was  used  in  all  of  our  A1 j_xGaxAs-GaAs  heterostructure 
device  development. 

The  program  approach  was  to  first  study  the  growth  of  epitaxial  GaSb 
on  GaSb  substrates.  Having  established  this  baseline,  the  MOCVD  epitaxy  of 
GaAsSb  and  GaAlSb  were  examined.  Finally,  MOCVD  of  GaAlAsSb  grown  upon  InAs 
was  to  be  studied. 

During  all  phases  of  the  program,  the  optimal  temperature  of  crystal 
growth  was  determined  empirically  by  characterization  of  film  properties. 

Other  parameters  optimized  included  substrate  orientation,  growth  rate,  par¬ 
tial  pressure  ratios  (TMGa/TMAl)  and  (TMSb/AsHj),  gas  phase  stoichiometry 
control  of  Column  V  vapor  pressures,  doping  level  and  type,  and  film  thickness 
or  growth  rate.  The  optimization  was  performed  with  respect  to  crystalline 
quality,  surface  morphology  and  electrical  characteristics. 
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I 

The  growth  conditions  optimal  for  the  growth  of  GaSb  upon  GaSb  sub¬ 
strates  were  not  the  same  as  those  for  deposition  upon  InAs  substrates.  Al¬ 
though  this  was  suspected  prior  to  the  initiation  of  the  program,  the  para- 
|  metric  changes  necessary  were  not  known.  We  now  examine  the  results  of  this 

program. 
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4.0  GaAlAsSb  EPITAXIAL  FILM  RESULTS  BV  METALORGANIC 
CHEMICAL  VAPOR  DEPOSITION 

4.1  GaSb  Optimization 

Examined  in  this  section  are  the  effects  of  the  TMGa/TEGa  ratio, 
growth  temperature,  and  stoichiometry  ratios  of  III  and  V  elements. 

4.2  Substrate  Types  and  Preparation 

During  the  second  quarter  of  this  program,  the  main  effort  was  di¬ 
rected  toward  optimizing  the  growth  of  GaSb.  The  growth  was  studied  as  a 
function  of  various  growth  parameters.  The  main  parameters  varied  were  the 
growth  temperature  and  the  mole  fraction  ratios  of  the  TEGa,  TMSb  and  H2.  In 
addition,  various  substrate  materials  were  examined.  The  substrates  used  for 
epitaxial  growth  were: 

1.  GaSb  n-  and  p-type  (100) 

2.  GaAs  undoped  (111) 

3.  GaAs  Cr  doped  (100) 

4.  InAs  undoped  (100) 

5.  Sapphire 

All  the  substrates  were  organically  cleaned.  This  process  consisted 
of  boiling  the  substrate  in  trichlorethane,  acetone,  and  finally  isopropanol 
for  ~  6  min  (2  min/solvent).  The  GaSb  substrates  were  further  cleaned. 

First,  these  substrates  were  soaked  in  hydrofluoric  acid  for  three  minutes  to 
remove  any  surface  oxides.  This  was  followed  by  a  methanol  rinse  and  a  30 
second  etch  in  3%  bromine  in  methanol.  Finally,  the  substrates  were  rinsed  in 
methanol  and  blown  dry  with  nitrogen.  After  the  organic  cleaning,  the  GaAs 
substrates  were  etched  in  4:1:1  H2SO4 :  ^0:^02  and  rinsed  in  H20  and  isoprop¬ 
anol.  Following  substrate  cleaning,  the  general  reactor  operation  followed  is 
similar  to  that  outlined  in  Appendix  III. 


4.3  Experiments  and  Data 

The  effects  upon  the  GaSb  crystalline  quality  of  growth  temperature 
and  TEGa/TMSb  flow  ratios  were  of  primary  concern.  TEGa  was  used  in  initial 
experiments  because  of  our  experience  with  it  from  previous  work.  In  addi¬ 
tion,  it  was  thought  that  lower  growth  temperatures  would  be  possible  with 
TEGa,  as  compared  to  TMGa,  owing  to  its  lower  decomposition  temperature 
(Appendix  III).  A  major  goal  was  to  grow  epitaxial  films  which  were  free  of 
surface  features  such  as  hillocks  and  metal  precipitates,  and  which  were 
specular  in  appearance;  this  would  allow  device  investigations.  The  use  of 
different  types  of  substrates  permitted  extensive  data  from  the  samples  to  be 
collected.  These  are  now  discussed. 

As  mentioned  earlier,  growth  temperatures  from  T  =  450°C  to  600°C 
were  examined.  The  TEGa/TMSb  ratio  was  optimized  at  a  growth  temperature  of 
550°C  to  produce  the  most  specular  surface  (free  of  hillocks  and  defects). 
Using  this  flow  ratio,  the  growth  was  also  examined  at  450°C,  500°C  and  600°C. 
The  particular  flow  rates  used  here  are:  H^/TMSb  =  13  ccpm  with  the  bubbler 
temperature  at  0°C;  H2/TEGa  =  250  ccpm  wth  the  bubbler  temperature  at  18°C; 
and  ^  pusher  gas  flow  at  7  LPM.  This  corresponds  to  a  molar  ratio  of  TEGa/ 
TMSb  of  188/1.  The  growth  time  for  all  experiments  was  50  minutes. 

Since  the  deposited  layers  were  p-type,  the  thickness  of  the  layer 
was  measurable  only  on  n-type  GaSb  substrates  or  on  GaAs:Cr  substrates. 
Selected  samples  were  examined  using  a  scanning  electron  microscope  appa¬ 
ratus.  Samples  grown  at  temperatures  of  500°C,  550°C  and  600°C  were  exam¬ 
ined.  The  growth  rate  of  GaSb  on  GaSb:Te  varied  from  200A/min  to  260A/min  and 
of  GaSb  on  GaAs:Cr  from  200A/min  to  240A/min.  No  strong  correlation  between 
the  temperature  of  growth  and  the  rate  of  growth  was  observed  over  the  tem¬ 
perature  range  studied. 

For  temperatures  below  500°C,  the  epitaxial  crystal  layer  appeared 
dull  throughout  the  growth  process.  At  a  growth  temperature  of  500°C,  the 
initial  growth  was  very  specular;  however,  as  the  deposition  continued,  the 
epitaxial  layers  became  dull  and  hazy.  This  occurred  for  all  substrates: 
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GaSb  (undoped);  GaSb  (Te  doped);  GaAs  (Cr  doped);  and  sapphire.  A  SEM  surface 
photograph  of  GaSb  on  GaSb  (Te  doped),  taken  at  a  magnification  of  24,000,  is 
shown  In  Fig.  3a.  As  Is  evident,  nonuniform  deposition  and  the  appearance  of 
droplets  (metal  precipitates)  on  the  epitaxial  layer  result  in  the  hazy 
appearance  observed  with  the  naked  eye. 

Figure  3b  is  a  photograph  of  an  EOAX  analysis  of  GaSb  (Te  doped).  A 
comparison  between  the  substrate  and  the  epitaxial  layers  showed  that  the  de¬ 
posited  film  had  the  same  stoichiometry  as  the  substrate.  Shown  in  Fig.  3c  is 
a  photograph  of  a  RED  pattern  which  demonstrates  that  the  film  is  a  single 
crystal.  The  same  type  of  analysis  has  been  applied  to  GaSb  grown  on  GaAs  (Cr 
doped).  The  major  difference  between  the  epitaxial  layer  on  GaAs  and  on  GaSb 
is  that  the  surface  grown  on  GaAs  exhibits  a  higher  density  of  hillocks.  For 
layers  grown  at  525°C  and  600°C,  the  results  were  essentially  the  same  as  at 
500°C. 

The  best  epitaxial  films  were  grown  at  a  temperature  of  550°C.  At 
this  temperature,  numerous  flow  rate  ratios  of  TEGa/TMSb  were  examined.  The 
effect  of  the  ratio  upon  crystalline  quality  was  also  examined.  The  molar 
ratio  of  TEGa/TMSb  was  varied  from  49/1  to  349/1.  A  series  of  photographs 
(Figs.  4-8)  demonstrate  what  happens  to  the  surface  morphology  of  GaSb  on  GaSb 
(Te  doped)  as  the  ratio  Is  varied.  These  photographs  were  taken  with  an  opti¬ 
cal  microscope  using  Nomarskl  contrast.  As  is  evident,  hillocks  occur  for  all 
ratios,  except  when  the  TEGa/TMSb  was  equal  to  188/1  (Fig.  5).  The  source  of 
the  hillocks  was  most  likely  due  to  precipitates  acting  as  a  nucleation  source 
for  off-orientation  crystal  growth.  In  order  to  determine  if  any  type  of  sur¬ 
face  features  existed  for  the  molar  ratio  (TEGa/TMSb)  of  188/1,  SEM  micro- 
photographs  were  made.  Figures  9a  and  9b  show  the  surface  of  a  GaSb  at  two 
different  magnifications  of  12,200  and  2,450,  respectively.  The  small  drop¬ 
lets  which  are  ~  250A  In  diameter  may  be  due  to  a  Ga  predeposition  procedure 
employed  prior  to  and  after  the  growth  of  the  GaSb.  These  droplets  are  again 
evident  In  the  cross  section  SEM  microphotographs  of  Fig.  10.  Figure  11  shows 
a  RED  pattern  taken  on  the  sample  of  Fig.  5.  The  material  is  a  single 
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a)  and  b)  are  surface  photographs  of  GaSb  grown  on  GaSb  (Te  doped)  at 
two  different  magnifications.  The  molar  flow  ratio  of  TMGa/TMSb  and 
growth  temperature  were  349/1  and  550°C,  respectively. 


a)  and  b)  are  surface  photographs  of  GaSb  grown  on  GaSb  (Te  doped)  at 
two  different  magnifications.  The  molar  ratio  of  TWGa/TMSb  and 
growth  temperature  were  226/1  and  550°C,  respectively. 
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a)  and  b)  are  surface  photographs  of  GaSb  grown  on  GaSb  (Te  doped)  at 
two  different  magnifications.  The  molar  ratio  of  TMGa/TMSb  and 
growth  temperatures  were  188/1  and  550°C,  respectively,  b)  pictures 
clearly  the  formation  of  hillocks. 
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Surface  photographs  of  GaSb  grown  on  GaSb  (Te  doped)  at  two  different 
magnifications.  The  molar  ratio  of  TMGa/TMSb  and  growth  temperature 
are  49/1  and  550°C,  respectively. 
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Fig.  11  RED  pattern  of  the  GaSb  sample  of  Fig.  6 
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crystal.  No  samples  from  this  group  were  submitted  to  SEM  analysis  for  growth 
rate  determination. 

The  highest  quality  films  obtained  in  this  set  of  experiments  were 
grown  at  a  temperature  of  550°C.  The  optimum  molar  ratio  at  this  temperature 
of  TEGa/TMSb  was  approximately  188/1.  Under  these  conditions,  the  films  grown 
were  the  best  obtained  for  each  type  of  substrate. 

The  growth  rates  for  these  films  were  in  the  range  of  0.022- 
0.030  um/min.  Relative  to  the  growth  rate  for  GaAs  grown  at  750°C,  this  is 
lower  by  approximately  a  factor  of  three.  Although  this  rate  is  not  intrins¬ 
ically  low,  higher  growth  rates  are  desirable  to  reduce  the  total  growth  time 
necessary  for  any  devices.  All  the  films  grown  were  p-type.  No  intentional 
doping  was  attempted  at  this  early  state  of  the  material  development. 

For  GaSb  using  TEGa,  it  has  been  found  that  the  highest  quality  films 
were  obtained  at  a  growth  temperature  of  550°C  wth  a  molar  ratio  of  TEGa/TMSb 
~  188/1.  The  best  films  were  obtained  upon  GaSb  (undoped)  substrates.  Epi¬ 
taxial  layers  deposited  on  other  substrates  were  inferior  in  quality  compared 
to  the  GaSb  substrates.  As  the  temperature  was  varied  from  the  optimum  tem¬ 
perature,  the  hillock  density  on  the  films  increased  and  the  surfaces  became 
nonspecular.  As  the  flow  ratio  of  TEGa/TMSb  was  varied  from  the  optimum 
ratio,  the  hillock  density  in  the  deposited  films  increased.  Metal  precipi¬ 
tates  approximately  250A  in  diameter  were  observed  in  some  of  the  films.  The 
source  of  this  is  thought  to  be  due  to  pre-  and  post-growth  Ga  flow 
conditions. 

If  TEGa  were  to  be  used,  further  growth  condition  experiments  would 
be  necessary  to  eliminate  the  formation  of  hillocks  and  metal  precipitates. 

The  occurrence  of  these  defects  would  be  most  detrimental  to  any  electronic 
devices.  However,  because  the  growth  rates  in  these  experiments  were  rela¬ 
tively  low,  growth  of  GaSb  using  TMGa  was  undertaken  to  increase  the  growth 
rate.  TMGa  has  a  higher  vapor  pressure  which  results  in  much  higher  growth 
rates. 
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4.4  Metal  Alkyl  Injection  Sequence 

Concurrent  with  the  study  of  the  effects  of  using  TMGa  as  the  Ga 
source  was  the  study  of  the  effect  of  alkyl  injection  sequence  upon  epitaxial 
crystal  quality.  It  is  also  shown  that  the  pre-injection  of  TMGa  is  detri¬ 
mental  to  epitaxial  crystal  quality. 

Films  of  undoped  GaAs  grown  at  550°C  on  GaSb  substrates  which  were 
pre-exposed  for  15  seconds  to  the  vapor  of  TMGa  prior  to  growth  were  charac¬ 
terized  by  nonepitaxial  globular  surfaces.  An  example  of  this  is  shown  in 
Fig.  12.  For  this  particular  film,  the  TMGa/TMSb  ratio  was  2.31  during  the 
actual  deposition  process.  Reduction  of  the  TMGa/TMSb  to  0.92  during  the 
growth  of  GaSb  appeared  not  only  to  reduce  the  size  of  the  surface  globules, 
but  also  to  increase  their  density  on  the  surface.  By  maintaining  the  TMGa/ 
TMSb  ratio  at  0.92  and  increasing  pre-exposure  time  to  30  seconds  prior  to 
growth,  results  in  epitaxial  layer  growth  are  shown  in  Fig.  13.  Both  of  the 
epitaxial  layers  in  Figs.  12  and  13  are  Ga-rich. 

Simultaneous  injection  of  the  metal  alkyl  reactant  gases  into  the 
growth  chamber  at  550°C  also  results  in  epitaxial  film  growth  on  GaSb  sub¬ 
strates.  Films  grown  with  TMGa/TMSb  ratios  ranging  from  0.92  to  1.39  exhibit 
hillocks  on  their  surfaces.  The  density  of  these  hillocks  seems  to  decrease 
with  increasing  TMGa/TMSb,  i.e.,  a  more  Ga-rich  growth  environment.  Figures 
14  to  16  are  the  surface  features  of  these  GaSb  films.  The  growth  rate  of  the 
GaSb  films  increases  linearly  with  the  total  hydrogen  flow  through  the  TMGa 
bubbler  at  0°C  (Fig.  6),  i.e.,  the  TMGa  partial  pressure.  Finally,  the  growth 
rate  of  GaSb  at  550°C  as  a  function  of  flow  through  the  Ga  bubbler 

(ccpm)  at  0°C  is  shown  in  Fig.  17. 

4.5  Growth  Temperature  and  TMGa/TMSb  Molar  Injection  Ratio 

The  effect  of  growth  temperature  at  constant  TMGa/TMSb  ratio,  as  well 
as  the  effect  of  changing  the  TMGa/TMSb  ratio  at  constant  temperature,  are 
examined  in  this  section.  In  addition,  the  growth  of  GaSb  grown  at  tempera¬ 
tures  of  630°C  was  investigated  in  detail. 
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Fig.  15  Surface  features  of  GaSb  grown  at  550°C  with  simultaneous  injecti 
of  metal  alkyls  and  TMGa/TMSb  =  1.1. 


GROWTH  RATE  (MICRON/MIN) 
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GROWTH  RATE  OF  GaSb  AT  550°C  AS  A 
FUNCTION  OF  H2  FLOW  THROUGH 
(CH3)3  Ga  BUBBLER  (ccpm)  AT  0°C 


TMG/TMSb  = 
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/  O  TMG/TMSb  =  0.92 
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For  a  constant  TMGa/TMSb  ratio,  the  effect  of  growth  temperature  upon 
the  surface  morphology  and  reactant  chemistry  is  clearly  demonstrated  by  the 
comparison  between  films  grown  at  550°C  with  TMGa/TMSb  =  1.16  and  those  grown 
at  600°C  with  the  same  ratio  of  TMGa/TMSb.  Figure  18  shows  the  surface  fea¬ 
tures  of  a  GaSb  film  grown  at  600°C  and  TMGa/TMSb  =  1.16.  It  is  characterized 
by  round  globules  of  excess  Ga,  presumably  formed  by  the  enhanced  pyrolysis  of 
TMGa  at  the  higher  growth  temperature.  Although  the  epitaxial  quality  of  the 
film  grown  at  600°C  was  deteriorated  relative  to  the  500°C  growth,  an  approxi¬ 
mate  growth  rate  of  ~  0.25  ym/min  was  obtained.  In  addition,  the  GaSb  growth 
rate  was  found  to  increase  with  temperature.  Further  increase  in  the  growth 
temperature  to  ~  630°C  (TMGa/TMSb  =  1.16)  did  not  result  in  GaSb  film  forma¬ 
tion,  presumably  due  to  improper  reactant  stoichiometry  at  the  growth  sur¬ 
face.  Obviously,  different  stoichiometries  are  necessary  for  the  different 
growth  temperature  to  obtain  the  best  films. 

As  the  TMGa/TMSb  was  gradually  decreased  from  1.16  to  0.58  at  a  con¬ 
stant  growth  temperature  of  ~  600°C,  the  GaSb  surface  morphology  dramatically 
improved  from  a  film  that  was  characterized  by  surface  globules  to  one  of 
specular  reflectivity  with  no  whiskers  or  globular  growth  (Figs.  19,  20  and 
21).  The  growth  rate  of  the  epitaxial  GaSb  grown  at  600°C  with  TMGa/TMSb  = 
0.58  was  0.21  ym/min. 

GaSb  growth  was  also  studied  at  growth  temperatures  ~  630°C.  Simul¬ 
taneous  injection  of  the  metal  alkyls  at  630°C  and  TMGa/TMSb  =  0.64  led  to 
film  surfaces  characterized  by  tiny  globules  of  Ga  in  the  middle  of  the  film 
surface,  but  smooth  epitaxial  growth  towards  the  edges  (Figs.  22,  23  and 
24).  Reduction  of  the  TMGa/TMSb  to  0.58  led  to  smooth  epitaxial  growth  with 
occasional  hillocks  over  the  surface  of  the  substrate  (Fig.  25).  Such  growth 
was  accompanied  by  considerable  gas  phase  turbulence  above  the  heated  deposi¬ 
tion  zone,  which  could  lead  to  nonuniform  GaSb  epitaxy  and  Inhomogeneous  film 
composition.  It  was  not  unusual  to  find  the  SIC/C  susceptor  and  regions  of 
the  film  surface  covered  with  tiny  clusters  of  crystalline  material  at  the  end 
of  a  growth  experiment.  Typical  layer  thicknesses  were  ~  7  ym.  When  the 


growth  rate  was  reduced  to  ~  0.1  ym/min  by  simultaneous  reduction  of  both 
H2/TMGa  and  f^/TMSb  flows  while  maintaining  TMGa/TMSb  =  0.58,  the  gas  phase 
turbulence  was  significantly  decreased.  In  order  to  reduce  any  thermal  degra¬ 
dation  of  the  GaSb  substrate  (MP  ~  712°C;  dissociation  pressure  »  10"^  Torr) 
during  equilibration  at  higher  growth  temperatures,  experiments  were  performed 
in  which  TMSb  was  injected  into  the  growth  chamber  when  the  SiC/C  susceptor 
first  reached  550°C.  The  injection  rate  for  the  TMSb  was  =>  1.7  x  10-5 
mole/min.  This  continued  until  the  growth  temperature  stabilized  at  ~  630°C. 
Studies  showed  that  under  these  "pre-antimony"  conditions,  no  elemental  Sb  was 
found  to  condense  on  the  substrate  surface.  Thirty  seconds  prior  to  beginning 
the  growth  of  GaSb,  the  l^/TMSb  flow  rate  was  adjusted  to  insure  the  proper 
TMGa/TMSb  ratio.  The  growth  rate  of  GaSb  using  this  pre-antimony  procedure 
was  slightly  greater  than  the  growth  rate  for  GaSb  grown  using  simultaneous 
metal  alkyl  injection  procedures,  i.e.,  0.14  ym/min  compared  to  0.10  ym/min  at 
630°C  and  TMGa/TMSb  =  0.58.  No  significant  differences  were  noticed  in  the 
film  morphology  of  GaSb  grown  using  these  different  techniques. 

4.6  Substrate  Cleaning  Procedure 

The  surface  quality  of  undoped  GaSb  films  was  studied  as  a  function 
of  the  substrate  cleaning  procedure.  All  of  the  epitaxial  layers  were  grown 
at  a  temperature  of  ~  600°C  with  the  TMGa/TMSb  ratio  equal  to  0.64.  The  films 
were  typically  10  to  11  ym  thick  (growth  rate  ~  0.21  ym/min).  Te  doped  GaSb 
oriented  1/2°  off  <100>  toward  the  <110>  served  as  the  substrate  for  the  ex¬ 
periments  described. 

Three  different  cleaning  orocedures  were  evaluated.  Procedure  A 
involved  simple  surface  degreasing  techniques  in  1 ,1 ,1-trichloroethane,  ace¬ 
tone,  and  methanol.  Reflection  electron  diffraction  studies  indicated  the 
probable  presence  of  a  surface  oxide.  This  oxide  layer  was  easily  removed  by 
exposing  the  organically  cleaned  surface  to  hydrofluoric  acid  for  ~  5  min¬ 
utes.  Aqueous  hydrofluoric  acid  (49%)  not  only  removes  the  native  oxide  film, 
but  also  dissolves  some  of  the  GaSb:Te  surface  owing  to  its  n-type  conduc¬ 
tivity.  This  HF  treatment  constituted  the  second  step  in  Procedures  B  and  C. 


Procedures  B  and  C  differed  only  in  the  chemical  nature  of  the  oxi¬ 
dizing  agent,  which  was  used  to  break  the  GaSb  bonds  of  the  substrate  mate¬ 
rial.  Of  the  numerous  oxidizing  agents  that  have  been  used  successfully  with 
GaSb,  only  the  B^-CHjOH  and  B^-HBr  systems  were  investigated  in  our  study, 
primarily  for  the  reasons  of  etch  rate,  purity  of  etchants,  and  mode  of 
attack.  When  attacked  by  strong  oxidizing  agents,  GaSb  forms  the  insoluble 
trioxide  and/or  pentoxide  on  the  surface.  The  exact  oxide  formed  is  dependent 
upon  the  strength  of  the  oxidizing  agent.  In  order  to  help  eliminate  this 
reaction,  short  etching  times  combined  with  rapid  swirling  of  the  etchant  are 
required,  followed  by  immediate  washing  with  hydrofluoric  acid.  The  hydro¬ 
fluoric  acid  serves  as  a  complexing  agent  to  keep  the  Sb  in  solution  (anti- 
monyl  ion  SbO+),  and  hence  prevents  subsequent  precipitation  of  antiinonyl-oxy 
salts  upon  dilution  of  the  oxidizing  mixture  during  the  deionized  water  rinse 
step. 

Optical  microscopy  photographs  of  GaSb  films  simultaneously  grown  at 
600°C  on  GaSb:Te  substrates,  which  were  cleaned  according  to  Procedures  A,  B 
and  C,  seemed  to  indicate  that  substrates  etched  in  the  B^-HBr  gave  film 
surfaces  which  were  better  than  those  grown  on  the  substrates  etched  in 
Brg-CHjOH.  However,  the  B^-CHjOH  gave  good  results  when  the  HF  was  rinsed 
with  CH3OH  and  not  with  H2O.  The  results  of  the  three  procedures  are  sum¬ 
marized  in  Table  I. 
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Cleaning  Procedures  Evaluated  for  GaSb:Te  Substrate  Materials 


Procedure  A 


Procedure  B 


Procedure  C 


Boiling  Trichlora/5  min 
Boiling  Acetone/5  min 
Boiling  Methanol /5  min 
N2  Blow  Dry 


Hydrofluoric  acid/5  min 

1%  Rr2-MeOH/15  sec 
Hydrofluoric  acid  dip 
Deionized  rinse 
Methanol  dip 
N2  blow  dry 


Hydrofluoric  acid/5  min 

1%  Br2-HBr/10  sec 
Hydrofluoric  acid  dip 
Deionized  ^0  rinse 
Isopropanol  dip 
N2  blow  dry 


a.  1,1,1,-trichloroethane 


4.7  Substrate  Orientation  and  Conductivity  Type  as  a  Function  of  Gas 

Phase  Stoichiometry  Ratio  ~~ 

The  surface  morphology  of  epitaxial  GaSb  films  grown  by  MOCVD  at 
630°C  and  TMGa/TMSb  ratios  <  0.58  (pre-antimony  procedure)  was  found  to  be 
critically  dependent  upon  the  orientation  of  the  GaSb  substrate  used  in  the 
growth.  Three  orientations  were  evaluated:  1)  <  1/2°  off  <100>,  2)  2°  off 

<100>,  and  3)  5°  off  <100>.  All  three  orientations  were  inclined  toward  the 
<110>  direction.  The  substrates  were  Te  doped,  subjected  to  the  same  cleaning 
procedure  (reference  Procedure  C),  and  subsequently  evaluated  by  simultaneous 
growth  of  undoped  GaSb  (~  6.25  urn)  over  a  45  minute  period.  The  surface  mor¬ 
phology  of  the  layers  decreased  in  quality  in  the  following  order:  5°  off 
<100>,  2°  off  <100>,  <  1/2°  off  <100>  (Figs.  26,  27  and  28).  Figure  29  illus¬ 
trates  the  morphology  of  GaSb  grown  on  undoped  GaSb  <100>  under  the  same 
growth  conditions.  GaSb  layers  grown  on  GaSb:Te  5°  off  <100>  substrate  mate¬ 
rial  were  found  to  be  highly  reflective,  very  smooth,  and  virtually  free  of 
raised  pyramidal  hillocks.  For  these  reasons,  GaSb:Te  5°  off  <100>  substrate 
material  was  used  in  all  subsequent  growth  experiments. 
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Fig.  27  Surface  morphology  of  GaSb  grown  at  630°C  on  GaSb:Te  2°  off  <100> 


Eight  undoped  GaSb  layers  were  grown  on  GaSb:Te  5°  off  <100>  sub¬ 
strate  material  at  630°C  and  TMGa/TMSb  ranging  from  0.58  to  0.20,  i.e.,  con¬ 
stant  ^/TMGa;  variable  l^/TMSb.  The  purpose  of  these  experiments  was  to 
study  any  changes  in  the  net  carrier  concentration  (Nft  -  Ng)  within  the  film 
as  a  function  of  increasing  f^/TMSb.  Since  GaSb  typically  grows  p-type,  we 
wanted  to  see  if  there  was  any  indication  of  an  eventual  crossover  point  to  n- 
type  conductivity  as  is  commonly  observed  during  the  MOCVD  growth  of  GaAs. 
However,  all  of  the  layers  grown  remained  p-type.  Preliminary  hot  point  probe 
measurements  indicated  that  the  layers  remained  p-type  over  the  entire  range 
of  TMGa/TMSb  ratios  investigated.  The  growth  rate  as  a  function  of  TMGa/TMSb 
ratio  increased  from  0.138  um/min  at  TMGa/TMSb  =  0.58  to  0.16  jim/min  at  TMGa/ 
TMSb  =  0.20.  When  the  TMGa/TMSb  ratio  dropped  below  0.20,  the  crystal  growth 
was  accompanied  by  whisker  formation  along  the  edges  and  on  the  surfaces  of 
the  film.  Therefore,  contrary  to  what  is  found  in  the  MOCVD  growth  of  GaAs , 
no  conversion  of  conductivity  type  was  observed  for  the  GaSb  as  the  Group  III 
to  Group  V  molar  ratio  was  varied  over  a  wide  range. 

4.8  GaAlSb  Epitaxial  Crystal  Growth 

With  the  GaSb  crystal  growth  parameters  established,  the  next  phase 
of  the  program  was  to  establish  the  conditions  for  the  growth  of  the 
Gaj_xAlxSb  alloy  upon  GaSb  substrates  by  MOCVD  and  to  evaluate  the  composition 
of  the  alloy  layers  by  double  crystal  x-ray  diffractometry.  During  the  course 
of  the  study,  it  was  found  that  substrate  cleaning  procedures  had  a  substan¬ 
tial  effect  upon  the  final  surface  morphology  of  the  Gaj_xAlxSb  film.  Pro¬ 
cedure  C,  as  outlined  in  Section  4.6,  was  used  with  the  CH3OH  final  rinse. 

The  conditions  for  the  growth  of  Ga^_xAlxSb  upon  GaSb  were  similar  to 
that  of  GaSb  upon  GaSb.  TMGa,  TMSb  and  TMA1  are  used  as  the  sources  of  Ga,  Sb 
and  Al,  respectively.  The  TMGa  and  TMSb  were  kept  at  0°C,  while  the  TMA1  was 
kept  at  room  temperature. 

A  typical  growth  procedure  is  now  described.  Following  substrate 
preparation,  the  sample  was  loaded  into  a  clean  quartz  reactor  containing  a 
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clean  silicon  carbide-coated  susceptor.  The  reactor  was  pumped  to  1  um  of 
pressure  and  then  backfilled  with  flowing  H2  gas.  When  the  reactor  reached 
atmospheric  pressure,  the  flow  rate  of  H2  gas  was  increased  from  2  fc/min  to 
7  t/min.  After  a  minimum  of  15  minutes  of  purging  in  the  dry  ambient,  the 
susceptor  was  heated  to  625°C-650°C  for  one  minute  and  then  stabilized  at 
625°C.  The  heat-up  and  stabilization  process  typically  required  15  minutes. 
During  this  time,  the  H2  flowing  through  the  metalorganic  bubblers  was  allowed 
to  reach  equilibrium.  After  temperature  stabilization,  a  4  um  thick  buffer 
layer  of  GaSb  was  deposited  upon  the  substrate.  This  was  followed  by  the 
growth  of  2  to  3  um  of  GalxAlxSb.  Prior  to  the  injection  of  the  alkyls  for 
the  ternary  growth,  the  reactor  was  purged  for  20  seconds  with  pure  H2  gas  to 
remove  all  of  the  AsH3.  After  the  growth  of  the  Ga1_xAlxSb  layer,  the  wafer 
was  allowed  to  cool  to  room  temperature  in  a  hydrogen  ambient. 

During  the  growth  of  the  Gaj_xAlxSb  ternary,  the  H2  flow  rates 
through  the  TMGa  and  TMSb  were  held  constant  at  15  ccpm  and  66  ccpm,  respec¬ 
tively.  The  H2  flow  rate  through  the  TMA1  bubbler  was  varied  from  8  ccpm  to 
60  ccpm.  Assuming  saturation  of  the  H2  gas  as  it  passed  through  the  bubbler, 
the  molar  amount  of  metal  alkyl  can  be  calculated  with 

[e2303(A-BT)  1](flow  rate  H  ) 

ni  =  - RT -  »  (3> 

where  A  and  B  are  constants  characteristic  of  each  metal  alkyl.  Shown  in  Fig. 
30  is  the  aluminum  content  in  the  film  as  a  function  of  TMAl/TMGa  molar  ratio. 
The  full  width  half  maximum  of  the  x-ray  intensity  peak  increased  as  the  ratio 
of  TMAl/TMGa  increased.  At  a  composition  of  Gaj_xAlxSb  (x  ~  0.37),  the  FWHM 
increased  by  a  factor  of  two  relative  to  the  substrate.  One  other  point 
should  be  mentioned;  beyond  the  x  ~  0.37,  further  increases  in  the  H2  flow 
through  TMA1  bubblers  did  not  increase  the  AlSb  mole  fraction  in  the  film. 

This  Implies  that  the  growth  conditions  must  be  changed  to  increase  the  AlSb 
mole  fraction  In  the  film.  When  the  flow  rate  through  the  TMA1  bubbler  was 
increased  beyond  that  which  was  necessary  for  x  ~  0.37,  the  film  composition 
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of  Gaj_xAlxSb  remained  at  an  AlSb  mole  fraction  of  x  ~  0.37.  This  indicated 
that  perhaps  a  rate  limiting  reaction  is  occurring  or  that  competition  is 
occurring  between  Column  III  species. 

In  order  to  eliminate  the  competition  between  the  A1  and  Ga  species 
for  the  Column  III  sites,  the  H2  flow  through  the  TMGa  bubbler  was  stopped. 
Following  crystal  growth,  the  AlSb  films  were  characterized  by  double  crystal 
x-ray  diffraction  for  crystalline  quality.  X-ray  line  broadening  of  the  AlSb 
film  by  a  factor  of  nine  occurred  relative  to  the  x-ray  linewidth  of  the  GaSb 
substrate.  In  addion,  the  peak  intensity  of  AlSb  was  five  time  lower  than 
expected  for  this  film  thickness.  X-ray  line  broadening  has  also  been  seen  to 
occur  in  GaAlAs  grown  at  low  temperatures  (<  700°C).  The  broadening  is  attri¬ 
buted  to  the  enhanced  incorporation  of  oxygen  at  low  growth  temperatures.  It 
is  for  this  reason  that  GaAlAs  is  typically  grown  at  750°C  rather  than  600°C. 
It  Is  probable  that  the  same  0 ?  incorporation  phenomenon  is  occurring  in  the 
growth  of  AlSb  at  Tg  ~  625°. 

This  phenomenon  has  crucial  implications  for  aluminum-containing 
alloys  which  require  low  growth  temperatures.  Examples  would  be  InP/InGaAlAs 
heterostructures,  where  InP  has  high  vapor  pressures,  or  structures  with  low 
melting  point  substrates  such  as  InSb.  This  incompatibility  of  growth  tem¬ 
perature  requirements  points  out  the  need  to  investigate  low  growth  tempera¬ 
ture  processes  which  require  aluminum. 

For  this  program,  the  GaAlSb  layers  required  AlSb  mole  fractions  of 
0.30  or  less.  No  further  investigations  of  GaAlSb  were  made. 

4.9  Growth  of  GaAsSb  Upon  GaSb  and  InAs  Substrates 

Following  the  completion  of  the  GaAlSb  work,  efforts  were  directed 
toward  establishing  the  conditions  necessary  for  deposition  of  epitaxial 
layers  of  GaAsSb  onto  GaSb  and  InAs  substrates  using  the  MOCVD  technique.  The 
conditions  necessary  to  prevent  InAs  decomposition  prior  to  epitaxial  deposi¬ 
tion  were  investigated.  Deposition  was  examined  at  temperatures  of  550°C, 
585°C  and  625°C.  During  the  course  of  the  experimentation,  it  was  determined 
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that  As  incorporation  into  the  crystal  lattice  in  the  presence  of  Sb  was 
enhanced  by  over  an  order  of  magnitude.  The  above  findings  and  conditions  are 
now  discussed  in  detail. 

The  substrate  material  was  Te  doped  <100>  GaSb  oriented  5°  toward  the 
<110>  and  Sn  doped  <100>  InAs.  During  all  experiments,  seven  liters  of  Pd- 
purifled  hydrogen  flowed  through  the  reaction  chamber.  The  sources  of  Ga  and 
Sb  were  TMGa  and  TMSb,  respectively;  the  source  of  As  was  arsine  (AsH-j,  10%  in 
UHP-^). 

In  order  to  prevent  InAs  substrate  decomposition  at  high  growth  tem¬ 
perature,  yet  achieve  GaAsSb  layers  with  low  solid  fractions  of  As,  two  elec¬ 
tronic  mass  flow  controllers  were  used  to  regulate  the  quantity  of  ASH3/H2 
being  injected  into  the  reactor  chamber. 

High  ASH3/H2  flows  were  regulated  with  a  mass  flow  controller  cali¬ 
brated  for  0  to  500  seem  ASH3/H2.  This  flow  range  corresponds  to  0  to 
2.23  x  10"3  moles  of  ASH3  per  minute.  The  primary  purpose  of  this  particular 
controller  was  to  provide  sufficient  ASH3  overpressure  to  help  minimize  InAs 
substrate  decomposition  prior  to  growth  of  the  Ga1_xAlxSb  alloy  layer,  as 
mentioned  previously,  and  also  to  maintain  an  adequate  supply  of  AsH3  in  the 
reactor  chamber  during  the  cool-down  cycle  following  a  deposition.  The  vacuum 
decomposition  temperature  for  InAs  is  ~  720°C;  the  decomposition  pressure  of 
InAs  Is  approximately  equvalent  to  ~  0.33  atm  of  As  at  940°C. 

Low  flows  of  ASH3/H2  were  controlled  with  a  mass  flow  controller 
calibrated  for  0  to  32.3  seem  ASH3/H2.  This  flow  range  corresponds  to  0  to 
1.45  x  10"^  mole  of  ASH3  per  minute.  The  primary  purpose  of  this  controller 
was  to  provide  precise  control  of  the  amount  of  ASH3  being  injected  into  the 
reactor  chamber  during  the  growth  of  the  Gaj_xAlxSb  alloy  material.  Small 
changes  In  the  AsH3/TMSb  being  Injected  into  the  reactor  chamber  would  be 
expected  to  drastically  effect  the  amount  of  Sb  and  As  incorporated  into  the 
alloy  lattice  at  a  given  growth  temperature.  For  this  reason,  the  ASH3/H2  was 
premixed  wth  the  metalorganic  source  materials  in  a  mixing  manifold  just  above 
the  entrance  to  the  reactor  chamber.  Efficient  mixing  of  all  the  reactants 
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was  achieved  by  using  7  LPM  UHP-^.  This  enabled  uniform  control  and  mixing 
of  the  reactant  gases  throughout  the  growth  process. 

Preliminary  first  order  calculations  (Appendix  IV)  indicated  that,  in 
order  to  achieve  approximately  10%  As  incorporation  into  the  G«^_xAlxSb  alloy, 
it  would  be  necessary  to  inject  ~  17  x  10"®  mole/min  of  ASH3  into  the  growth 
chamber,  the  exact  amount  being  dependent  on  the  TMGa/TMSb.  This  quantity  of 
ASH3  corresponds  to  ~  4  sccpm  of  ASH3/H2  flow.  In  practice,  the  actual  flow 
of  As H3/H2  required  was  expected  to  be  greater  than  the  calculated  4  seem  due 
to  the  incomplete  pyrolysis  of  AsH3  and  the  subsequent  As  incorporation  in¬ 
efficiency,  which  was  expected  to  be  less  than  100%  at  these  conditions  of 
growth. 

For  the  growth  of  GaAsSb  on  InAs  substrates,  the  InAs  substrates  were 
cleaned  using  a  procedure  analogous  to  that  used  with  GaSb  substrates.  Sub¬ 
strate  orientation  was  <100>. 

Since  the  crystal  growth  experiments  utilized  InAs  substrates,  it  was 
necessary  to  establish  what  minimum  amount  of  ASH3  overpressure  would  be  re¬ 
quired  to  minimize  (or  prevent)  surface  decomposition  prior  to  growth  of  the 
alloy  material  at  ~  625°C.  Table  II  summarizes  the  steps  taken  during  a 
typical  growth  sequence. 
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GaAsj_xS 

Clean  substrates  and  load  Into  reactor  chamber. 

Evacuate  reactor  chamber  30  min  at  <  10"^  Torr. 

Backfill  reactor  chamber  with  UHP-H2  at  7  LPM. 

Commence  rf  heating  of  SiC/C  substrate  holder. 

Inject  ASH3/H2  at  500°  into  reactor  chamber. 

Equilibrate  at  growth  temperature  and  commence  substrate 
rotation. 

Pre-tri methyl  antimony  injection  30  seconds. 

Tri methyl  gallium  injection  and  commence  alloy  growth. 
Simultaneously  stop  metal  alloy  flows  to  the  reactor. 
Maintain  ASH3/H2  flow  and  terminate  rf  heating. 

Cool  to  ambient  in  ASH3/H2. 

Divert  ASH3  to  exhaust  and  continue  flushing  reactor 
chamber  with  UHP-i^. 

Turn  off  UHP-H2  to  exhaust  and  remove  sample. 


During  the  first  experiment,  10  seem  of  ASH3/H2  (~  4.5  *  10-5  mole/ 
min  ASH3)  was  found  to  be  inadequate  to  prevent  substrate  decomposition  during 
the  growth  of  the  alloy  layer.  ASH3/H2  (10  seem)  was  injected  into  the  reac¬ 
tor  chamber  at  550°C  during  the  heating  phase.  No  apparent  decomposition  of 
the  substrate  was  observed  as  the  temperature  increased  from  500°C  to  625°C. 
After  equilibration  at  625°C,  ^/TMSb  was  introduced  into  the  reactor  chamber, 
followed  by  (30  seconds)  injection  of  h^/TMGa;  the  TMGa/TMSb  =  0.35.  This 
procedure  provides  a  Group  V  rich  (TMSb  +  ASH3)  environment  surrounding  the 
substrate  prior  to  injection  of  the  TMGa  into  the  reactor  chamber.  Owing  to 
the  high  total  flow  of  gas  past  the  heated  susceptor,  film  growth  begins  with¬ 
in  seconds  following  Injection  of  the  ^/TMGa.  The  growth  surface  remained 
highly  reflective  for  approximately  2  min,  but  quickly  degraded  to  a  hazy 
surface  characterized  by  a  dense  population  of  raised  molten  areas.  These 
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areas  were  not  round  or  globular  (as  in  the  case  of  excess  6a)  and  were 
thought  to  be  In  metal  (Fig.  31).  Although  no  attempt  to  confirm  this  specu¬ 
lation  was  made,  they  exhibited  the  same  structural  characteristics  of  an  InAs 
surface  which  had  been  heated  to  ~  625°  in  the  absence  of  AsH3.  The  same  type 
of  features  present  here  have  also  been  observed  on  InP  which  has  undergone 
slight  thermal  decomposition.  Increasing  the  AsH3/H2  flow  to  32  seem 
(~  14.3  x  10"5  mole/min)  and  repeating  the  previous  experiment  resulted  in 
epitaxial  film  growth.  After  30  minutes  of  epitaxial  deposition,  the  surface 
was  slightly  hazy.  Optical  examination  revealed  the  presence  of  occasional 
pyramidal  hillocks  on  an  otherwise  smooth  surface.  The  growth  rate  in  this 
experiment  was  ~  0.13  pm/mi n. 

Although  the  quantity  of  ASH3  (14.3  x  10~5  mole/min)  used  in  the  pre¬ 
vious  experiment  was  capable  of  preventing  substrate  decomposition  during  the 
growth  cycle,  it  was  approximately  eight  times  the  amount  originally  calcu¬ 
lated  for  GaAsQ^gSbQgQ.  Four  additional  growth  experiments  were  performed 
during  which  the  AsH3/H2  flow  rate  was  systematical ly  increased  while  main¬ 
taining  the  TMGa/TMSb  constant  at  0.35.  Table  III  summarizes  the  growth 
parameters  used  during  these  experiments.  The  molar  injection  rates  of  AsH3 
used  in  these  growths  ranged  from  1.43  x  10"^  to  17.9  x  10“^  mol /min.  Growth 
rates  were  constant  at  ~  0.3  pm/min. 

All  the  films  were  analyzed  by  energy  dispersion  x-ray  analysis 
(EDAX)  prior  to  any  x-ray  techniques.  No  Sb  was  detected  in  any  of  the  films. 
A  4.7  pm  film  of  GaAs  was  then  grown  on  an  InAs  substrate  at  ~  625°C  using 
AsH3/TMGa  =  30.3.  The  relative  Ga/As  ratio  determined  by  EDAX  was  found  to  be 
identical  to  the  GaAs  ratio  determined  for  the  alloy  growths  previously  des¬ 
cribed  in  which  no  Sb  was  detected.  This  result  qualitatively  indicates  these 
films  to  be  GaAs. 
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GaAsxSb^_x  Growth  Experiments  at  625°Ca 


Growth  Rate 

ym/min 

As H3/ TMSb 

AsH3/TMGa 

TMGa/ 

(As H3  +  TMSb) 

EDAX 

Measurement 

0.127 

0.828 

2.392 

0.190 

No 

Sb; 

Ga  ,As 

present 

-O 

VO 

o 

H 

• 

o 

1.294 

3.731 

0.151 

No 

Sb; 

Ga,As 

present 

0.127 

2.588 

7.463 

0.100 

NO 

Sb; 

Ga  ,As 

present 

0.127 

5.176 

14.925 

0.056 

No 

Sb; 

Ga,As 

present 

0.127 

10.55 

30.303 

0.031 

No 

Sb; 

Ga  ,As 

present 

a.  TMGa/TMSb  =  0.35 

b.  Poor  cleave 


The  growth  rate  for  the  'pure*  GaAs  growth  was  0.156  ym/min,  which  is 
slightly  greater  than  the  0.127  ym/min  observed  for  the  films  grown  in  the 
presence  of  TMSb.  It  is  possible  to  speculate  that  the  'alloy'  growth  rate  is 
reduced  due  to  competing  side  reactions  between  the  TMSb  and  AsH3,  i.e., 

(CH^Sb  +  AsH3  4  (CH3)3As  +  SbH3  .  (4) 


Such  reactions  would  tend  to  reduce  the  available  AsH3  which  is  reacting  with 
the  TMGa  to  form  GaAs.  It  should  also  be  pointed  out,  however,  that  this 
effect  appears  to  be  constant  over  a  wide  range  of  H2/TMSb  flow  rates,  i.e., 
the  same  growth  rate  ~  0.13  ym/min  is  observed  for  H2/TMSb  flows  of  25,  50  and 
100  seem  with  a  constant  AsH3/H2  flow  rate. 

In  order  to  verify  that  the  EDAX  mode  on  the  SEM  was  working  properly 
for  samples  containing  Sb,  a  previously  grown  sample  of  GaSb/InAs  was  submit¬ 
ted  for  EDAX  analysis.  The  results  confirmed  the  compostion  of  GaSb. 


From  these  preliminary  findings,  no  x-ray  analysis  was  performed  on 
any  of  the  alloy  growth  films. 

In  order  to  determine  whether  it  was  possible  to  incorporate  Sb  into 
the  solid,  the  effect  of  growth  temperature  had  to  be  examined.  Previous  ex¬ 
perimental  data  had  shown  that  a  gradual  decrease  in  the  Sb  incorporation 
during  the  growth  of  GaAsx$b^_x  films  occurs  as  the  temperature  is  increased 
from  500°C  to  630°C.  Workers  at  Varlan  Associates  proposed  that  a  kinetic 
balance  exists  between  the  As  and  Sb  atoms  relative  to  basic  atomic  incorpora 
tion  mechanisms  such  as  atomic  surface  mobility.  Therefore,  at  some  growth 
temperature  lower  than  625°C,  a  boundary  between  surface  kinetically  control¬ 
led  growth  and  mass  transport  limited  growth  of  this  material  should  occur. 
Once  the  temperature  is  reduced  below  some  critical  temperature,  Tc,  the 
incorporation  of  Sb  is  greatly  enhanced. 

Although  we  have  not  yet  investigated  in  any  detail  the  effect  of 
growth  temperature  on  Sb  incorporation  in  GaAsxSb^_x  alloy  films  grown  by 
MOCVD  on  InAs  substrates,  three  preliminary  deposition  experiments  were  per¬ 
formed  at  550°C.  These  experiments  will  now  be  described.  A  summary  of  the 
growth  parameters  is  presented  in  Table  IV. 


Table  IV 

GaAsxSbj_x  Growth  Experiments  at  550°C 


Growth  Rate 

ym/min 

AsH-j/TMSb 

AsH3/TMGa 

TMGa/ 

(AsH3  +  TMSb) 

EDAX  Measurement 

1.294 

3.73 

0.151 

No  Sb;  Ga,As  present 

Powder  Surface 

0.031 

— 

Powder  Surface 

2.59 

3.73 

0.192 

No  Sb;  Ga,As  present 

During  the  first  experiment,  AsH3  (22,5  x  10'^  mole/min)  was  injected 
into  the  growth  chamber  at  500°C.  After  equilibration  at  550°C,  i^/TMSb 
(100  ccpm)  was  introduced  for  30  seconds,  followed  by  i^/TMGa.  the  TMGa/TMSb 
ratio  =  0,34.  The  film  surface  remained  reflective  for  30  minutes  at  which 
time  the  growth  was  terminated.  The  film  thickness  was  only  1.88  pm 
(~  0.067  pm/min).  EDAX  analysis  of  the  film  indicated  the  absence  of  Sb.  Ga 
and  As  were  present. 

When  the  above  experiment  was  repeated  with  higher  ASH3/H2  flows  cor¬ 
responding  to  ~  90  x  10“^  mole/min,  polycrystalline  GaAs  formed  on  the  surface 
of  the  InAs  substrate. 

Polycrystalline  GaAs  was  again  formed  on  the  surface  of  the  InAs  when 
the  first  experiment  was  repeated  following  a  reduction  in  the  h^/TMSb  flow  to 
half  the  original  value.  The  reduction  in  H^/TMSb  would  have  'effectively' 
increased  the  localized  AsH3  concentration  at  the  growth  zone  resulting  in  the 
formation  of  polycrystalline  GaAs. 

Initial  attempts  to  grow  GaAsxSb1_x  (x  -  0.10)  at  625°C,  TMGa/TMSb  = 
0.34,  and  AsH3  molar  flow  rates  of  1.43  x  10“*  mole/min  resulted  in  formation 
of  GaAs.  The  results  suggest  additional  studies  using  AsH3  flows  <  1.4  x  10“4 
mole/min  at  625°C  and  TMGa/TMSb  =  0.34  are  necessary,  as  well  as  using  ASH3/H2 
source  mixtures  less  than  10%  in  volume  concentration.  It  appears  necessary 
to  grow  GaAsxSbj_x  layers  at  growth  temperatures  less  than  625°C  in  order  to 
avoid  InAs  substrate  decomposition  problems. 

At  this  point,  it  became  necessary  to  determine  whether  the  necessary 
conditions  to  grow  epitaxial  GaAsSb  by  M0CVD  could  be  established.  In  order 
to  isolate  the  problem,  GaAs  5°  off  the  <100>  was  chosen  as  the  substrate  to 
establish  calibration  curves.  The  growth  conditions  were  the  same  as  those 
which  produced  the  best  GaSb,  except  1%  AsH3  in  H2  was  added  to  the  gas  stream 
in  various  amounts.  The  i^/TMGa  flow  and  Hg/TMSb  bubbler  flows  were  main¬ 
tained  at  15  and  100  ccpm,  respectively.  This  corresponds  to  a  TMGa/TMSb 
molar  ratio  of  0.34.  Both  bubblers  were  kept  at  0°C.  The  relative  amounts  of 
As  to  Sb  in  the  solid  were  determined  by  EDAX.  A  plot  of  the  solid 


composition  as  a  function  of  umoles  of  AsH3/min  is  shown  in  Fig.  32.  This 
demonstrated  that  GaAsSb  could  be  epitaxially  grown  by  MOCVD. 

Having  established  that  GaAsSb  could  be  grown  by  MOCVD  and  that  the 
approximate  stoichiometry  of  gases  necessary  to  grow  GaAsxSb1_x  with  x  ~  0.10 
was  known,  work  was  resumed  upon  the  growth  of  epitaxial  GaAs1_xSbx  upon  InAs. 
From  the  previous  experiments  of  GaAsSb  grown  on  InAs  at  620°C,  the  next  step 
was  to  reduce  the  growth  temperature  to  580°C.  This  would  still  permit  sub¬ 
stantial  pyrolysis  of  arsine  to  occur.  The  initial  growth  conditions  of 
GaAsSb  upon  InAs  were  similar  to  the  conditions  of  GaAsSb  upon  GaSb.  Flows  of 
H2  through  the  TWGa  and  TMSb  bubblers  were  15  and  100  ccpm,  respectively. 

Both  bubblers  were  kept  at  0°C.  The  InAs  substrate  was  cleaned  using  organic 
solvents  and  then  etched  using  Br:Meth  (1%  Br).  The  AsH3  (104  ccpm, 

4.64  x  10“5  moles)  was  injected  into  the  reactor  vessel  at  400°C  for  stabil¬ 
ization.  The  sample  was  allowed  to  equilibrate  at  580°C  for  15  minutes  prior 
to  the  injection  of  the  metal  alkyls.  No  visible  surface  degradation  was 
observed.  Following  the  injection  of  the  metal  alkyls,  raised  globules  began 
appearing  on  the  wafer  surface.  This  occurred  over  the  entire  sample  in  15 
minutes.  Under  microscopic  examination,  the  raised  portions  did  not  exhibit 
crystalline  features,  but  rather  molten  shapes.  The  appearance  was  similar  to 
In  left  on  an  InP  wafer  grown  by  LPE.  This  was  previously  noted  to  occur  at 
620°C. 

In  order  to  eliminate  the  possibility  of  substrate  decomposition,  the 
arsine  overpressure  (arsine  pressure  prior  to  GaAsSb  epitaxial  deposition)  was 
increased  by  increasing  the  flow  rate  to  500  ccpm  of  1%  AsH3/H2.  The  same 
stabilization  procedure  was  followed,  and  the  arsine  flow  was  kept  at  a  high 
rate  until  0.35  um  of  GaAsSb  had  been  grown.  The  arsine  flow  was  then  reduced 
to  104  ccpm.  The  epitaxial  layer  remained  specular  much  longer  and  exhibited 
crystalline  features  on  the  surface  and  only  an  occasional  molten  feature  at 
the  edges. 

At  this  time.  It  was  thought  that  the  substrate  was  interacting  with 
the  incoming  alkyls  and  forming  an  Intermediate  compound.  The  most  likely 
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32  GaAsSb  solid  composition  as  a  function  of  input  AsH.,  volume/mi n. 


Intermediate  candidate  was  InSb  which  could  then  decompose  due  to  its  low 
melting  temperature.  With  insufficient  As  overpressure,  it  is  possible  that 
the  thermal  decomposition  of  the  substrate  surface  would  create  nucleation  and 
substrate/film  interface  problems  whenever  film  growth  commenced.  The  reac¬ 
tion  occurring  would  be 


H. 


InAs  (substrate)  +  (CH3)3Sb  (adsorbed)  InSb  +  (CH3)3As 

Hp 

InSb  -r~ *•  decomposition  products  (InSb  m.p.  ~  525°  C) 


(5) 


To  obviate  this  chemical  reaction,  the  growth  temperature  was  reduced  from 
580°C  to  approximately  550°C.  Flow  conditions  for  lattice-matched  crystal 
growth  at  550°C  are  different  from  those  at  580°C,  therefore  requiring  re- 
calibration  of  the  Sb/As  source  flow  rate  ratio.  For  the  initial  growth  at 
550°C,  the  flow  rates  through  the  TMGa  and  TMSb  bubblers  were  15  and  40  ccpm, 
respectively.  The  bubblers  were  kept  at  0°C.  The  main  manifold  rate  was  kept 
at  7  t/min  of  Following  the  same  stabilization  procedure  as  at  the  higher 
temperature  of  580°C,  after  equilibration  the  reactor  chamber  was  purged  of 
AsHj  Tar  60  seconds.  This  was  followed  by  a  60  second  or  600A  growth  of  GaSb. 
GaAsSb  alloy  was  then  grown  for  60  minutes  using  10  ccpm  (1%  ASH3/H2).  No 
decomposition  of  the  wafer  was  observed  at  this  growth  temperature.  Hillocks 
were  still  present;  however,  their  density  was  much  reduced  as  compared  to  the 
higher  temperature  growth.  An  example  of  the  surface  is  shown  in  Fig.  33. 
Changing  the  ratio  of  Sb/As  by  decreasing  the  AsHj  flow  to  5.0  ccpm  (1% 
ASH3/H2)  reduced  the  hillock  density  further,  as  evident  In  Fig.  34.  A  change 
of  the  TMGa/TMSb  ratio  from  0.86  to  1.15  decreased  the  hillock  density  still 
further,  as  shown  in  Fig.  35.  Further  increase  of  the  TMGa/TMSb  ratio  to  1.73 
Increased  the  hillock  density. 

In  an  attempt  to  Identify  the  source  of  the  hillocks  in  the  epitaxial 
layer,  InAs  substrates  were  subjected  to  the  stabilization  procedure  employed 
in  our  crystal  growth,  followed  by  the  growth  of  600A  of  GaSb.  The  variable 
parameter  was  the  temperature  at  which  the  ASH3  was  Introduced  into  the 
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Fig.  34  GaAsSb/InAs  heteroepitaxy  with  TMGa/TMSb  molar  ratio  =  0.86,  AsH^ 
0.032  ccpm  (1.34  umole/mln). 
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th  TMGa/TMSb  molar  ratio  =  1.15,  AsH 


reactor  chamber  during  the  heating  phase.  It  was  found  that  even  with 
injection  of  ASH3  occurring  at  400°C,  some  defects  decorated  the  surface,  as 
shown  in  Fig.  36a.  A  substantial  reduction  of  the  defects  occurred  with  the 
injection  of  ASH3  at  room  temperature  (see  Fig.  36b).  These  experiments 
demonstrate  that  the  InAs  substrates  currently  in  use  are  one  source  of  the 
defects  observed  in  the  epitaxial  layers. 

The  results  of  this  section  are  readily  summarized  in  Fig.  37  which 
shows  the  surface  morphology  of  the  GaAsxSbj_x/InAs  heterostructures  at  se¬ 
lected  growth  temperatures  and  ASH3  overpressures. 

The  GaAsSb/InAs  heterostructures  were  examined  using  double  crystal 
x-ray  diffraction.  From  these  measurements,  it  was  determined  that  GaAsxSb^_ 
could  be  lattice-matched  under  the  following  conditions: 

•  Growth  temperature  =  550°C 

•  Pre-AsH3  at  220  umole/min  at  25°C 

•  AsH3  flow  at  20  umoles/min 

•  (CH3)3Ga/(CH3)3  Sb  ratio  =  1.15 

Epitaxial  layers  grown  under  these  conditions  exhibited  high  crystalline 
quality. 

The  effects  of  lattice  mismatch  upon  the  x-ray  linewidth  of  the  epi¬ 
taxial  film  is  shown  in  Fig.  38.  Figure  38a  shows  the  rocking  curve  of  a 

GaAsSb  film  with  Aa/a  =  1.8  *  10"3,  while  Fig.  38b  shows  a  GaAsSb  film  having 
Aa/a  =  2.8  x  10'3.  The  rocking  curve  of  Fig.  38b  is  noticeably  broader  than 

tht  curve  of  Fig.  38a.  This  Is  not  caused  by  any  growth  condition  phenomenon 

or  grading,  but  rather  is  related  to  film  strain.  The  film  of  Fig.  38a  is 
under  compression,  while  that  of  Fig.  38b  is  under  tension.  Work  on  InGaAs/ 
GaAs  has  shown  that  films  under  tension  exhibit  poorer  crystalline  quality. 

In  fact,  when  a  film  is  under  sufficient  tension,  it  will  eventually  frac¬ 
ture.  Therefore,  films  of  GaAsSb,  If  not  lattice-matched  to  InAs,  should  be 
grown  under  compression  to  produce  higher  crystalline  quality. 
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PRE  A1H3  AT  460  aiMOLE/MIN. 
GROWTH  A1H3  AT  46  mMOLE/MIN. 


GaAs^b^/lnAs  AT  620°C 


PRE  AsH3  AT  220  nMOLE/MIN. 
GROWTH  AsH3  AT  46  mMOLE/MIN. 


Ga AsxSb-j  _x/l  nAs  AT  580°C 


PRE  AsH3  AT  220  jiMOLE/MIN. 
GROWTH  AsH3  AT  1.4  a<MOLE/MIN. 


laAi  qq  8b  g^/lnAi  AT  550°C 


InAs  SURFACE  DEGRADATION 
AT  620°C 


InA*  "EDGE"  DEGRADATION 
AT  580° 


Fig.  37  Surface  morphology  of  GaAsSb/InAs  heteroepitaxy 
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GaAsxSb-|_x/lnAs  GROWN 
WITH  1 .4  /jMOLE/MIN.  AsH3 


GaAsxSb'j_x/lnAs  GROWN 
WITH  2.9  mMOLE/MIN.  AsH3 

Fig.  38  X-ray  rockinq  curves  of  GaAsSb/InAs  under  compression  (upper  curve) 
and  tension  (lower  curve). 


j 

i 

i 

i 

4.10  N-Type  GaSb  Doping  and  Schottky  Barrier  Photodetectors 

The  MOCVD  growth  of  n-type  films  of  GaSb  was  also  investigated. 

Initially,  GaAs  films  doped  with  Se  were  grown  in  order  to  calibrate  the  1% 

HgSe:^  dopant  source.  GaAs  epilayers  were  grown  with  doping  ranging  from  mid 

1015  to  1018cm3.  | 

I 

Having  calibrated  the  dopant  source,  the  goals  of  the  GaSb  doping 
experiments  were  threefold.  j 

1.  Demonstrate  n-type  films  of  GaSb  grown  by  MOCVD. 

2.  Optimize  the  gas  phase  stoichiometry  ratio  of  TMGa/TMSb  to  ob¬ 
tain  the  highest  mobility  material  at  a  given  dopant  level. 

3.  Establish  a  gas  phase  to  solid  phase  dopant  incorporation  curve. 

Owing  to  the  unavailability  of  semi-insulating  GaAs,  the  data 
required  are  not  easily  obtained. 

The  initial  experiments  demonstrated  that  n-type  GaSb  could  be  suc¬ 
cessfully  grown  by  MOCVD.  From  Hall  measurements  performed  on  an  n-type  GaAs 
epilayer  grown  upon  semi -insulating  GaAs,  a  carrier  concentration  of 
Nq-Na  ~  1  *  lO^cm-3  was  obtained.  The  measured  300K  Hall  mobility  was  only 
357  cm^/V-sec.  Due  to  the  low  mobility  value  obtained,  a  decision  was  made  to 
characterize  n-type  GaSb  grown  upon  undoped  (p-type)  GaSb  substrates.  In  this 
way,  interfacial  phenomena  produced  by  the  lattice  mismatch  are  eliminated. 

The  data  obtained  from  Hall  measurements  on  these  samples  were  inconclusive 
due,  most  likely,  to  the  fact  that  the  p-substrate  could  not  be  grounded  dur¬ 
ing  the  measurement. 

An  alternate  method  of  epilayer-substrate  isolation  was  devised  which 
consisted  of  growing  an  undoped  AlSb  buffer  layer  1  wm  thick  prior  to  deposi¬ 
tion  of  the  n-type  GaSb.  The  GaSb/AlSb/GaSb  (substrate)  sample  was  grown 
under  slightly  different  conditions  from  the  GaSb/GaAs:Cr  sample.  Character¬ 
ization  by  Hall  measurement  indicated  a  carrier  concentration,  Nq-N^,  of 
2  x  lO^cm"3  with  a  mobility  of  1200  to  1250  cm^/V-sec  at  300K.  For  a  sample 
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of  GaSb/Al Sb/GaSb  (substrate)  grown  with  the  same  conditions  as  the  above 
described  GaSb/GaAs:Cr  sample,  a  p-type  carrier  concentration  of  1  x  lO^cm-3 
was  obtained.  Due  to  the  large  dispersion  in  the  data,  no  conclusion  could  be 
drawn  about  the  influence  of  growth  conditions  on  the  quality  of  the  epilayer. 

Finally,  Schottky  barriers  were  also  deposited  upon  n-type  MOCVD 
grown  GaSb.  The  breakdown  voltages  of  these  devices  indicated  n-type  doping 
densities  of  mid  lO^cm-^,  Photoresponse  was  observed  on  these  devices.  The 
photoresponse  indicates  that  antlmonide  containing  semiconductors  grown  by 
MOCVD  can  be  fabricated  into  opto-electronic  electronic  devices. 


*•  %  \  %* 


5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


As  a  result  of  this  program,  we  have  demonstrated  that  through  MOCVD, 
high  quality  antimonide  III-V  semiconductor  material  can  be  fabricated.  We 
have  shown: 

•  High  quality  hillock-free  GaSb  can  be  grown  on  off-orientation 
<100>  5°  -*•  <110>  GaSb  substrates. 

•  High  quality  GaAlSb  ternary  alloys  with  AlSb  mole  fractions  of 
up  to  x  ~  0.37  can  be  grown  by  MOCVD. 

•  Schottky  barrier  photodetectors  have  been  fabricated  from  n-type 
MOCVD  grown  GaSb. 

•  High  quality  GaAsSb/InAs  heterostructures  have  been  grown  at 
550°C. 

The  successful  growth  of  high  crystalline  quality  antimonide-based 
material  by  the  MOCVD  process  and  the  demonstration  of  Schottky  barrier  photo¬ 
detectors  based  upon  these  materials  make  this  crystal  process  a  viable  alter¬ 
native  to  conventional  means  of  producing  antimonide-based  devices.  Further 
research  must  be  conducted  to  examine.  In  greater  detail,  the  electrical  and 
optical  characteristics  of  the  materials  produced.  Such  efforts  would  be 
directed  toward  studies  of  GaAsSb/InAs  heterostructures  to  determine  the 
direct -Indirect  transition.  In  the  materials  area,  more  innovative  research 
is  necessary  to  devise  a  means  of  producing  high  quality  A1 -bearing  alloys  at 
low  temperatures.  Finally,  the  work  performed  here  Indicates  that  long  wave¬ 
length  heterostructures  (X  >  2.0  urn)  can  be  produced  by  the  MOCVD  process,  and 
should  be  further  researched  for  devices  operating  in  this  region. 
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APPENDIX  I 

DIRECT-INDIRECT  TRANSITION  IN  GaAlAsSb 


For  optical -electronic  devices,  especially  light  sources,  an  issue  of 
immense  importance  is  the  efficiency  of  the  conversion  of  electrical  energy  to 
optical  energy.  It  is  well-known  that  the  efficiency  (electrical  to  optical 
energy)  of  a  light  emitter  depends  critically  on  whether  the  material  is  di¬ 
rect  or  indirect.  If  it  is  indirect,  e.g.,  silicon,  the  material  is  an  ex¬ 
tremely  poor  light  emitter.  At  the  other  extreme,  materials  such  as  GaAs  or 
InGaAsP,  which  are  direct,  have  extremely  high  efficiencies  and  can  act  as 
laser  sources.  Depending  on  the  ratio  of  GaAs  (direct)  to  GaP  (indirect), 
GaAs1_yPx  can  be  fabricated  which  can  be  direct  or  indirect.  Its  efficiency 
can,  therefore,  range  from  extremely  high  to  extremely  low.  It  is  known  that 
beyond  y  ~  0.3  the  efficiency  declines  rapidly  until  the  direct-indirect  tran¬ 
sition  (y  ~  0.44)  is  reached.  At  this  point,  the  material  becomes  indirect 
and  is  no  longer  useful  as  an  efficienct  light  emitter. 

The  same  issue  is  of  importance  in  the  GaAlAsSb  system.  Both  GaSb 
and  GaAs  are  both  direct  materials,  and  AlSb  and  AlAs  are  indirect  mate¬ 
rials.  The  exact  nature  of  the  direct-indirect  transition  is  not  known  for 
the  GaAlAsSb  alloy  system.  However,  theoretical  approximations  can  be  made 
from  the  ternary  boundary  conditions.  The  calculations  take  into  account  the 
relative  population  of  electrons  in  the  direct  and  indirect  minima  to  deter¬ 
mine  the  luminescence  efficiency  of  the  material.  The  results  of  such  calcu¬ 
lations  are  shown  in  Fig.  A  for  GaAlAsSb  lattice-matched  to  GaSb,  InAs  and 
InP.  Since  various  assumptions  were  made  in  the  calculation,  these  plots 
serve  to  indicate  what  may  be  expected. 
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Fraction  f  of  electrons  in  the  direct  conduction  band  as  a 
function  of  the  separation  between  the  direct  and  indirect 
conduction  band  minima. 


APPENDIX  II 

REACTOR  DESIGN  AND  GROWTH  PROCEDURE 


The  basic  CVD  reactor  design  affects,  to  some  degree,  the  pregrowth 

i 

gas  flow  procedure.  However,  the  general  procedure  used  here  is  the  procedure 
employed  on  previous  reactors.  A  photograph  of  the  CVD  reactor  is  shown  in 
Fig.  B.  Although  the  reactor  is  described  in  great  detail  in  the  first  quar¬ 
terly  report,  a  brief  description  is  given  here.  The  hydride  gases  enter  the 
reactor  via  a  series  of  traps  and  pressure  regulators.  Mass  flow  controllers 
are  utilized  to  control  the  rate  of  gas  flow.  When  the  gases  are  needed  in 
the  reactor,  they  are  injected  into  the  main  gas  stream  through  the  use  of  air 
operated  valves.  The  metal  organic  complexes  also  enter  the  reactor  in  a  sim¬ 
ilar  manner.  Purified  H2  gas  flows  through  a  series  of  traps  to  remove  water- 
vapor  and  through  the  mass  flow  controllers.  The  H2  gas  is  then  bubbled 
through  passivated  316-stalnless  steel  bubblers  holding  the  metal  organics. 
These  are  seen  In  the  center  of  Fig.  B.  The  metal organic-bearing  gas  is  then 
injected  Into  the  main  gas  stream  when  needed.  The  main  gas  stream  flows  Into 
the  reactor  vessel  where  pyrolysis  occurs  and  deposition  takes  place.  The 
temperature  of  the  susceptor  Is  monitored  with  an  optical  pyrometer. 

Following  the  loading  of  the  substrate  Into  the  susceptor,  the  sus¬ 
ceptor,  which  Is  attached  to  a  motor-driven  rotation  platform.  Is  allowed  to 
rotate.  During  this  time,  the  susceptor  Is  empirically  aligned  to  be  cen¬ 
tered.  This  aids  In  reducing  nonuniform  gas  flow  conditions.  A  quartz 
envelope  Is  lowered  onto  an  0-rlng  seat  and  the  envelope  is  clamped  tight. 

The  chamber  Is  sealed  at  both  ends  through  a  series  of  valves  and  then  evac¬ 
uated.  The  chamber  is  pumped  to  a  pressure  level  of  1  urn.  Hydrogen  gas  Is  ■ 

then  allowed  to  backfill  the  growth  chamber  via  the  gas  handling  apparatus 
until  the  pressure  Is  slightly  above  atmospheric  pressure.  At  this  time,  the 
exit  valve  Is  rotated  open.  The  gas  Is  allowed  to  purge  the  growth  chamber 
for  15  minutes  and  then  heating  Is  commenced.  The  susceptor  is  rf  heated  to  a 
temperature  In  the  range  from  450°C  to  600°C.  Usually,  stabilization  of  the 
temperature  necessary  for  epitaxial  growth  is  less  than  20  minutes.  After  the 
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temperature  of  the  susceptor  becomes  stable  (+1°C),  the  H2  gas  bubbled  through 
the  metalorganics  is  injected  into  the  main  H2  gas  (purge)  stream.  The  re¬ 
sulting  mixture  flows  over  the  heated  susceptor;  pyrolysis  of  the  metal¬ 
organics  occurs  and  epitaxial  crystal  growth  commences. 

When  the  epitaxial  growth  process  is  completed,  the  H2  gas  flow  which 
bubbles  through  the  metalorganics  is  shut  off,  and  power  to  the  rf  generator 
power  is  also  turned  off.  A  H2  cover  gas  is  allowed  to  flow  over  the  suscep¬ 
tor  until  the  reactor  cools  to  near  ambient  temperature.  This  process  takes 
approximately  15  minutes.  All  gas  flows  are  then  stopped  and  the  wafers  re¬ 
moved  for  characterization.  The  susceptor,  as  well  as  some  support  apparatus, 
is  cleaned  and  made  ready  for  the  next  experiment. 
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APPENDIX  III 

THERMODYNAMIC  PROPERTIES  OF  TEG  AND  TMG 


A  brief  summary  of  the  thermodynamic  properties  of  TEGa  and  TMGa  as 
they  apply  to  the  growth  to  epitaxial  films  is  presented.  Following  the  sum¬ 
mary  are  two  tables,  one  of  which  provides  the  conversion  between  the  ratio  of 
the  flow  rates  of  the  metal  organics  to  the  molar  ratio  of  the  alkyls. 

The  four  major  thermodynamic  properties  are  now  discussed.  First, 
the  molar  heat  of  vaporization  of  (CHj^^Ga  is  ~  i.3  times  that  of  (CH3)3Ga. 
The  effect  of  this  is  that  TEGa  requires  more  expenditure  of  heat  to  effect 
equilibrium  between  the  liquid  and  the  gas  phase  than  is  required  for  TMGa. 
Second,  the  higher  molar  heat  of  vaporization  of  TEGa  compared  to  TMGa,  to¬ 
gether  with  the  low  vapor  pressure  characteristics  of  TEGa,  necessitates  the 
use  of  high  flow  rates  through  the  TEGa  bubbler  for  longer  periods  of  time 
in  order  to  achieve  useful  film  thicknesses.  These  requirements  make  growth 
rate  and  thickness  control  more  difficult.  For  TEGa/TMSb  molar  injection 
ratios  from  188/1  to  226/1  and  growth  temperatures  between  550°C  and  600°C, 
the  growth  rate  of  GaSb  was  only  approximately  250A/min.  Third,  the  free 
energy  of  vaporization  of  TEGa  is  -  2.3  times  greater  than  that  of  TMGa. 
Finally,  the  equilibrium  constant  for  vapor-1 iqud  equilibrium  of  TMGa  is 
~  14.3  times  that  of  TEGa.  Hence,  the  density  of  TMGa  molecules  available  for 
reaction  will  be  much  greater  than  the  number  of  TEGa  molecules. 
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Thermodynamic  Property3 

•  Molar  heat  of  vaporization,  A~H ' ' ,  kcal  mole"* 

•  Vapor  pressure  of  R3M  at  T°C 

•  Free  energy  of  vaporization,  AFy,  kcal  mole"* 

•  Metal  alkyl  liquid-gas  equilibrium  constant 


TEGa 

9.9 

4.5  mm  @  18°C 
3.0 

5.9  x  IQ-3 


TMGa 

7.8 

64  mm  @  0°C 

1.3 

3.4  x  IQ"2 


a.  Calculations  of  these  thermodynamic  properties  of  R3M  based  upon  the 
Gibbs- Helmholtz  relation  for  chemical  equilibrium  at  constant  pressure 
and  any  given  temperature: 


3  (AF/T)  _  OH 
3T  2  ~  ’  t2 
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Table  2 


Summary  of  TEGa/TMSb  Molar  Injection  Ratios 


r3m 

Flow  (cppm  @  T°C) 

Saturated  Moles3 

TEGa/TMSb 
(Molar  Ratio) 

TEGa 

250  @  18° 

4.75  x  10'3 

349/1 

TMSb 

7  9  0° 

1.36  x  10"5 

TEGa 

250  9  18° 

4.75  x  10‘3 

188/1 

TMSb 

13  @  0° 

2.52  x  10-5 

TEGa 

250  @  18° 

4.75  x  10‘3 

49/1 

TMSb 

50  @  0° 

9.68  x  lO-5 

TEGa 

300  9  18° 

5.70  x  10-3 

226/1 

TMSb 

13  9  0° 

2.52  x  10’5 

TEGa 

320  <?  18° 

6.08  x  10-3 

125/1 

TMSb 

25  @  0° 

4.84  x  lO-5 

TEGa 

495  @  18° 

9.50  x  10"3 

98/1 

TMSb 

50  <8  0° 

9.08  x  10'5 

a.  Calculated  for  R3M  compounds  from 

j-e2303(A-BT)‘1]{fiow  rate 
ni  =  RT 


where  A  and  B  are  constants  characteristic  of  each  metal  alkyl. 
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APPENDIX  IV 


ASH3  REQUIREMENTS  FOR  LATTICE-MATCHED  GaAsSb-InAs 

Calculation  of  amount  of  ASH3/H2  for  growth  of  GaAsxSbj_x  alloy 
material,  x  -  0,10. 

Vapor  pressure  equation  for  (CHgJjSb: 
log  P  -  7.7280  -  1709  T_1 
at  273K,  PfMsb  =  29.4  Torr. 

The  saturated  §  moles  of  TWSb  exiting  the  bubbler  per  unit  time,  njb, 
is  calculated  as  follows: 

"Sb  ‘  PV/RT 

where 

P  =  saturated  equilibrium  vapor  pressure  of  TMSb  at  273K 
V  =  flow  rate  of  H2  through  bubbler 
R  =  gas  constant 

T  =  equilibrium  temperature  of  bubbler 

For  V  =  100  ccpm  at  T  =  237K,  n$b  =  17.05  x  lO'^mole. 

If  10%  (x  =  0.10)  of  the  Sb  sites  are  to  be  occupied  by  As  atoms, 
then  to  a  first  approximation 

NAs  =0.10  n$5 

=  17.05  x  lO-^moles  As. 

If  each  mole  of  As  originates  from  a  mole  of  arsine,  then  the  number 
of  moles  of  arsine  required  will  be  17.05  x  10"6.  Initial  growth  experiments 
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use  10%  ASH3/H2.  Hence,  for  a  AsH3/H2  flow  rate  of  4  ccpm,  there  will  be 
approximately  0,4  ccpm  of  AsH3  entering  the  growth  chamber. 


1  mole  AsH3  x  mole  AsH3 
22,400  cc  0~cc 

x  •  17.86  x  10"®  mole 

To  a  first  approximation,  ~  4  ccpm  of  10%  AsH3/H2  will  be  required  to  grow 
GaAs0.10Sb0.90  1ayers« 
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